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Abstract: Wavefront sensor-less adaptive optics is an alternative way for correcting the wavefront aberration 
distorted by atmospheric turbulence. Differential evolution (DE) is used to search the optimum mirror surface 
for the deformable mirror. An adaptive optics system with a 37-element DM based on DE algorithm is 
established. Numerical simulation results show that the algorithm can achieve good correction effect.  
Copyright © 2013 IFSA. 
 
Keywords: Adaptive optics, Differential evolution, Deformable mirror. 
 
 
 
1. Introduction 
 

Adaptive optics can be used for compensating 
aberration distorted by atmospheric turbulence. The 
conventional adaptive optical system [1] is composed 
of the wavefront sensor, the wavefront constructor 
and the wavefront corrector. In these systems, the 
wavefront sensor is used for measuring wavefront 
information [2-4], and the distorted wavefront is 
reconstructed by the wavefront constructor. 
Wavefront sensor-less techniques [5-6] provides an 
alternative way for compensating aberration. The 
operation of these systems is based on image 
sharpening. The image sharpening is used for 
evaluating the degree of correction of the wavefront 
aberration [7-8]. These systems use optimization 
algorithms to improve correction effect. 

In this case, an appropriate optimization control 
algorithm is the key to correcting distorted wavefront 
successfully for this technique. DE is an evolutionary 
algorithm first proposed by Storn and Price [9]. It is 
very useful for global optimization problems [10-11]. 

Based on DE algorithm, the correction capability of 
the AO system is analyzed. 
 
 
2. Description of AO system 
 

Based on DE algorithm and fitness function, an 
adaptive optics system with a 37-element DM is 
established, shown in Fig. 1. The system includes a 
CCD that measures the light intensity, a control 
system including DE algorithm that searches the 
optimum mirror surface for driving a 37-element DM 
[12-13]. The correction course is controlled by DE 
algorithm and fitness function.  

The actuators location distribution of a  
37-element DM is introduced in Fig. 2 [13]. The 
layout of all actuators in DM is hexagonal. 

We use the following equation as the fitness 
function [5]. The equation is examined in our system. 

 

   
2

8 0, , dxdyS I x y I x y  , (1) 
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Fig. 1. Schematic diagram of the wavefront sensor-less adaptive optics system. 
 
 

where  ,I x y  is the light intensity distribution of the 

incoming beam in the image plane,  0 ,I x y  is the 

ideal light distribution in the image plane. 8S  reduces 

to minimum when distortion is eliminated. 
 
 

 
 

Fig. 2. Configuration of 37-element deformable mirror. 
 
 

3. Differential Evolution 
 

In wavefront sensor-less correction system, the 
optimal voltages of DM are solved by the intelligent 
optimization algorithm. The differential information 
is used to generate a new individual in DE algorithm 
[14]. The new individual is generated by two 
individuals added the weighted difference 
information. The objective function is used to 
evaluate the combination of the individuals. 

The individual can be represented as 

 1 2, , ,i i iDX x x x   ( 1, 2, ,i N  ) in the D 

dimensional space. The changed individual 

 1 2, ,i i iDV v v v   can be represented as the 

following equations: 
 

1 ( )k k k k
i a b cV X w X X    , (2) 

where a , b  and c  are integers 1 through N, i  is 
different from them, w  is a scale factor which is 
used to control the difference scale between two 
individuals, k  is the current calculation step.  

The parent and offspring with the given 
probability are crossed for generating the new 
individual  1 2, , ,i i iDM m m m  . 

 
1

1 , ( )

,

k
ijk

ij k
ij

v rand j p
m

x Otherwise


   


 (3) 

 
where ( )rand j  is the random number in the range 

[0,1], p  is cross probability in the range [0,1]. 

The parent k
iX  and the individual 1k

iM   are used 

for generating the offspring 1k
iX   using the 

following equations: 
 

   1 1
1 ,

,

k k k
i i ik

i k
i

M f M f X
X

X Otherwise

 


  


, (4) 

 
where f  is the objective function. 

 
 
4. Results and Analysis 
 

DE is applied to the adaptive optics system with a 
37-element DM. The initial individual consists of a 
group of random mirror voltages. For analyzing 
optimization ability, we also give corresponding 
fitness evolution curve. Fitness curve during the 
control algorithm’s 500 iterations is presented  
in Fig. 3.  

Fig. 4 shows the Zernike modal coefficients of 
fitting residual error after using DE algorithm to 
reconstruct the distorted wavefront. The modal 
coefficients of fitting residual error are close to 0, 
which indicates that the wavefront obtained by DE is 
very similar with the incident distorted wavefront.  
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We evaluated the reconstruction performance of 
DE through comparing with the target. Fig. 5 shows 
one result of the wavefront reconstruction. The 
reconstructed wavefront by using DE has only a 
small difference with the target, and the residual root 

mean square (RMS) of the reconstructed wavefront is 
equal to 0.037  (the relative error of about 16.0 %). 
Experimental result indicates that DE is validated to 
perform well for wavefront reconstruction.  

 
 

  
 

Fig. 3. Fitness evolution curve of DE algorithm  
in iterative process. 

 
Fig. 4. Modal coefficients of residual error based on DE. 

 
 
 

  
 

(a) 
 

 
(b) 

 
 

(c) 
 

Fig. 5. A result of the wavefront reconstruction with DE algorithm. 



Sensors & Transducers, Vol. 153, Issue 6, June 2013, pp. 1-4 

 4 

  
 

(a) 
 

(b) 
 

Fig. 6. (a) Light intensity distribution before correction, (b) light intensity distribution after correction with DE. 
 
 

Strehl ratio (SR) is used to evaluate the imaging 
quality of the system. Fig. 6 shows light intensity 
distribution. We can see SR is 0.1 before correction, 
and SR is 0.961 after correction with DE. Results 
show that the DE algorithm can obtain good 
correction effect. 
 
 
5. Conclusions 
 

The principle of DE algorithm and its applications 
in adaptive optics system are introduced. The 
adaptive optics system based on DE can compensate 
aberration caused by turbulence successfully. To 
speed the convergence of DE algorithm and save the 
operating time, the algorithm will be realized through 
parallelism technique. 
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Abstract: In order to solve the problem of target recognition in the complex environment of the multi-source 
detection, a kind of D-S evidence reasoning method based on data association is put forward. This paper 
analyzes the condition and method of data associated and evidence reasoning, also establishes the D-S evidential 
reasoning algorithm for target recognition based on data association. It uses four sensors on three target data 
correlation analysis and uses the model identification algorithm on the calculation of system detection capacity. 
Through the calculation of model establishment and contrast calculation, it proves that D-S evidence reasoning 
method based on data associated is more reliable than the traditional evidence reasoning method, and the 
recognition ability is higher. The results verify the effectiveness of the method. Copyright © 2013 IFSA. 
 
Keywords: Information fusion, Data association, D-S evidence reasoning method, Target recognition. 
 

 
 
1. Introduction 
 

Data fusion is a kind of multi-source information 
processing technology that developed recently. 
Fusion of multi-sensor target recognition is 
attempting to fuse the information that is imprecise 
and incomplete about the target attribute of each 
sensors, producing more accurate and complete 
attribute estimation and judgment than the single 
sensor [1-3]. In many data fusion method, evidential 
reasoning is suitable for the fusion without prior 
information. The advantages of uncertainty 
representation, measurement and combination have 
been drawn wide attention [4-9]. 

Data association is a kind of information 
processing of multi-source sensor network 
technology. Through the analysis and extract of the 
relationship between multi-source data, it can be 
obtain the target information that from a single 
sensor can not to get. In practical application, often 

the correlation information has more important 
reference value than the information that direct 
access from sensor. That is because the single 
detection system or principle will always exist some 
shortcomings and the insufficiency, and it is hard to 
overcome these weaknesses by the sensor itself. 
Multi-source detecting provides a good way to solve 
this problem. The way of multi-source heterogeneous 
detection has the principle of complementarities by 
itself, in this way; through the associate information 
sensors can solve the problem that original detection 
system cannot to solve. It provides a broader method 
and ideas for information fusion technology.  

The traditional evidence reasoning method is just 
merge the basic probability assignment function 
according to D--S evidence reasoning method on the 
foundation of basic probability assignment function, 
which dose not consider the information correlation 
characteristics between multiple sensors. However, 
in many practical applications, there is some 
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correlative information between various sensors, this 
part of information is not reflected in the traditional 
evidence reasoning, which does not make full use of 
multi-source information. Therefore, in some 
occasions, it is need to construct a D--S evidence 

reasoning method based on data association, to 
enhance the system capability of multi-source 
information processing and improve the ability of 
target recognition (Fig.1). 

 
 

 
 

Fig. 1. The principle block diagram of data association combined with D - S evidence reasoning  
for multi-source detection system. 

 
 
2. Analysis on Evidence Reasoning Method 

Based on Data Association 
 
2.1. The Outline of Evidence Reasoning 

Method 
 

A proposal of Evidence Theory was given firstly 
by Dempster at 1967. His student further developed a 
kind of theories of imprecise reasoning called 
Dempster/Shafer Evidence Theory, which is involved 
in artificial intelligence, initially being applied in 
expert system, having a capability of processing 
uncertain information. As a kind of uncertainty 
reasoning method, Evidence Theory is characterized 
with satisfactions of weak requirements than what 
Bayes probability theory requires and capabilities 
that express directly “uncertainties” and “unknown” 
[10-12]. 

The theory extends the concept of probability 
theory based on probability. Events in probability 
theory are expanded into propositions. Sets of events 
are expanded into sets of propositions, while a 
proposal of concepts of basic probability assignment, 
belief function and plausibility function is given and 
a corresponding relation between propositions and 
sets also is established, thus the uncertainties of 
issues are translated into the uncertainties of sets. 

Definition 1: let H be a set of assumptions, in this 
collection, assuming all elements are mutually 
independent and complete. The set of all subsets of H 
sign as  ,   is also known as the frame of 
discernment. If the H has n hypothesis, then  has  
2n subsets, where   is the empty set. The 

emergence of evidence can support some subsets in a 
certain extent .Therefore, for each of the evidence, 
there is a basic probability assignment function M 
[5]. M is a mapping from   to ]1,0[ , also satisfy: 

 
( ) 0

( ) 1
A

M

M A







φ＝

＝
 (1) 

 
where ( )M A  indicate the basic probability number 

of A, 0 ( ) 1M A  . 

Definition 2: The definition of trust function Bel 
as follows: 
 





AB

ABMBBel ),()(  
(2) 

 
Definition 3: The definition of the likelihood 

function PL as follows: 
 

( ) 1 ( ) ( ),
A B

Pl A Bel A M B A


   
 Φ

 
(3) 

 
Because ( )Bel A  is support for the A , so the 

value of the likelihood function 1 ( )Bel A  is 

expressed no doubt degree of A, namely, the 
estimation of A trust value. [ ( ), ( )]Bel A PL A  is called 

the confidence interval of A . 
In fact, in the arguments obtained about 

proposition A, a part of it is to support proposition A, 
referred as supporting evidence. Another part is 
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against the proposition A, which is called the rejected 
evidence. In addition, there is an evidence that 
neither obvious support nor obvious against A. The 3 
types of evidence and the concept of uncertainty 
measurement is shown in Fig. 2, the total length of 
interval is 1. 
 

 
 

Fig. 2. The relationship between )(ABel  and )(APl . 

 
In practical problems, it often appears a situation that 
there are several evidences to support a hypothesis or 
its negation. At this moment, it needs to calculate the 
value of M and the Bel under the combined evidence; 
the structural rules are as follows: 
 








)()()(

0)(

21 AMAMAM

M   

 




 


A
K

YMXM
AM

AYX

,
)()(

)( 21



 (4) 

 
)()(1 21 YMXMK

YX

 


)()( 21 YMXM
YX

 


 (5) 

 
 
The action of coefficient K is to make the sum of the 
new M to be 1. If 0K  , then M is a basic 

probability assignment function. If 0K  , then 
there are no M, namely, M1 and M2 contradict [8-12]. 

 
 

2.2. Data Association Method 
 
D-S evidence reasoning method is based on the 

detection of independent sensors. In many practical 
applications, although the probability assignment 
function of each sensor is independent, but their 
information related to a certain. This information is 
not reflected in the traditional evidence reasoning, 
which does not make full use of multi-source 
information [13]. The establishment of data 
association method between the sensors will make 
full use of the related information, in order to 
improve the system's target recognition probability. 

The physical or logical system design makes the 
output of multi-source sensors exist a certain 
relationship, which is mainly manifested in the time 
domain specific synchronous or asynchronous logic, 
may also display to spatial data particular relevance, 
especially in the detection system of multi-source 
heterogeneous sensors, the characteristics of the 
same target association is determined by the physical 
properties of the heterogeneous sensor. This 
relationship can be obtained through theoretical 
derivation, but also through the pre-simulation or test 
[14]. 

Now illustrate as below. Suppose there are two 
kinds of detector to detect a target at the same time. 
One is a kind of radar detect mode, the other is a kind 
of infrared detection method. The objective itself has 
radar reflection characteristics and infrared reflection 
characteristics at the same time. In this case, the two 
detection methods have objective information 
association [15]. The association performance has 
two aspects. First, two kinds of echo signal are 
synchronization on time. When the target appeared 
within the detection range, two types of signals will 
exist at the same time. Second, with the approach of 
target distance, both the output of the sensor showed 
increasing trend. And the change has a certain 
functional relation between each other. This function 
can be obtained by calculation or test in advance. 
When the compound detection system worked in 
practical, the radar and infrared detector detected 
targets signal at the same time. The two signals also 
have certain function relation. In this case, we can 
build a similarity function. Through the contrast of 
the actual detecting function relationship and 
function relationship of the theory, the target 
detection probability is higher if comparisons 
between them are similar. If the inconsistency 
between them is very big, this shows that the 
probability which the target’s authenticity is small. In 
practice, we can design a relational index. When the 
similarity between the actual function relations and 
the theory function is greater than the similarity 
index, we could think the target detected is the real. 
If the similarity is less than the index, so we think the 
target that detected is not true.  

The above method can use the following 
mathematical expressions. Set a detection system for 
T with P sensors, the detection probability 

assignment of each sensor to target is im ,  

q +1 (q +1 ≤ p) sensors exist pairwise independent 
association (not considering the multiple sensor 
related),which can be described as the function if , 

when the system is operating, the actual associate 

function ,
if  can be obtained through analyzing and 

processing the multi-source data, and the associate 
degree of i  can be drawn through comparative 

analysis of the ,
if and if , for certain i  threshold, 

we can establish probability assignment function 
given to this association degree values appear goals 

0

Uncertain interval 

Nonsupport 

interval

 Support 

interval 

Likelihood 
  Sustaining degree 

Rejection 

interval    

1
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determine the probability i . Since the majority of 

relationship can be determined by simulation or 
experiment, so the i  can be based on the actual test. 

The selection of 
i  can be determined according to 

the method of calculation and project test, generally 

speaking, the identification probability correlation 
value threshold should make the target to determine 
the probability of not less than the corresponding 
single sensor is given [16-18]. 

 
 

 
 

Fig. 3. The block diagram for data association method. 
 
 

The occurrence probability of the actual 
correlation function ,

if  is directly affected by the two 

assignment probability which produced the 
associated evidence, only when the two associated 
evidence showed with certain probability, the actual 
correlation function ,

if  would appear with a certain 

probability. So this paper presents a theory of 
approximate value method: 

Set )1(XP  and )2(XP  respectively as the target 

recognition probability for the occurrence of two 
independent sensors evidence, let )1(AXP  and 

)2(AXP  for the occurrence probability of the two 

sensor evidence and the related evidence. 
According to conditional probability formula: 

 
)1)/P(X1P(AX  )1X|P(A   (6) 

 
)2)/P(X2P(AX )2X|P(A   (7) 

 
And then, 

 
))/P(XX|P(A ))/P(XX|P(A P(A)    2211i β  

1 2 2 1 1 2=[P(A|X )P(X ) P(A|X )P(X )]/P(X ) P(X )  
(8) 

 
Similarly, let 
 

λ )2X|P(A)1X|P(A  . 
The formula turns to 

 
     )2P(X )1)]/P(X1P(X)2[P(X i λβ  (9) 

 
The   can get from texts and engineering 

practices. 
According to the argument discussed above, as 

each sensor has independent probability assignment 
function, and the pairwise independence sensors are 
associated, so i  can be used to determine the 

independent evidence, as the basis of D-S evidence 
reasoning. In this way, the system T can obtain p+q 
determinant evidence by p sensors. And in practice, 
this association evidence has important reference 
value than a single bit of evidence, which greatly 
improves the efficiency of the use of multi-source 
data [19]. 

 
 

2.3. Analysis on Comprehensive Method  
of Data Association and Evidence 
Reasoning 

 
Data association and evidential reasoning are two 

different data fusion methods. In a detection system, 
how to combine the two methods to improve the 
detection performance of the system is a necessary 
problem. When carries on the combination of data 
fusion method, first of all, the combined of method 
must be satisfy the conditions of each data fusion 
method. Second, the method combining with should 
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not reduce the original data fusion method 
conclusion’s validity. Through the above analysis, 
the data association method’s most direct application 
is to improve the detection probability of a single 
sensor [20-21], so that we can combine the 
correlation information and evidence reasoning to 
end up with a more accurate system output.  

Since under the assumption that each sensor has 
an independent probability assignment function, and 
the pairwise independence sensors are associated , so 
the q related decision evidence obtained by the 
system T can be directly synthesized through the 
laws of D - S evidence reasoning method. Due to 
associated determinant evidence i  is a fusion 

information which is derived from the sensor output 
information of system T , the i are independent with 

each other, but the original sensor outputs 
information is not independent, so the 

i  cannot be 

directly synthesized with the original sensor criterion 
of mi by D - S evidence reasoning rules, it must be 
separately synthesized in accordance with the laws of 
D - S evidence reasoning . Synthesis methods of 

i  

equivalent to synthesis method [22]. 
It needs to be stressed the point that, in a multi-

source compound detection system, the correlation 
between each sensor data is often very complicated. 
But according to different detection environment and 
target, specific detection systems tend to have some 
very obvious significant correlation. These 
significant associations are often have bigger 
influence on the detection judgment and performance 
of the whole system [23]. When making a 
combination of data correlation and evidential 
reasoning, it should be consider the impact of these 
factors associated as far as possible. In order to 
ensure the validity and reliability of information 
fusion, it can not be considered for some relationship 
that judgment is not clear.  

 
 

4. Algorithm Design 
 

Let H be a set of assumptions, in this collection, 
hypotheses elements are mutually independent and 
complete. All the collection of subsets of H is 
marked  . If H has n hypothesis, then  has 2n 
subsets. 

Set H has p supportive evidence, for each of the 
evidence, there is a basic probability assignment 
function M. M is a mapping from  to [0,1], also 
satisfied: 
 












A

AMAM

M

1)(0,1)(

0)(
 (10) 

 
 

 
 

Fig. 4. Data association and D - S evidence  
reasoning algorithm. 

 
 

Set up that q+1 sensor existing pair wise 
independent association. This can be described as the 
function if . In the system practical work, the actual 

associate function obtained is '
if , and the correlation 

threshold between '
if and 

if  is i . According to 

formula (10), probability assignment type calculated 
the correlation threshold value target; the basic 
probability assignment function is F (B). F and M 
also is a mapping from  to [0, 1], and satisfy the D-
S evidence reasoning conditions, it can be calculated 
according to the type synthesis of evidence 
combination of M (A) and F (B). 
 




 


A
K

YMXM
AM

AYX

,
)()(

)( 21



 (11) 

 
)()(1 21 YMXMK

YX

 


)()( 21 YMXM
YX

 


 (12) 

 
When M (A) and F (B) are obtained, the system 
received the reasoning result of two combined 
evidence. At this time, it can be calculate and merge 
the two reasoning results according to the conditional 
probability. It also can follow the D-S evidence 
reasoning results to conduct an approximate 
synthesis under the combined evidence reasoning. 
Although there is a certain extent between the two 
inference results, a series of constraints existed when 

i  values, the authenticity of the practical 

computation does not affect the results. 
 
 
4. Test Result and Analysis 
 

In order to inspect the fusion effect of target 
recognition in D--S evidence reasoning method based 
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on data association, the system has been carried on 
the experimental calculation and comparison. 

Let the target recognition framework 

as },,{ 321 ooo , 321 ,, ooo are three targets. The 

system uses 4 kinds of sensors, the basic probability 
assignment of a sampling period corresponding as 
shown in Table 1, in which   indicates the basic 
probability assignment of uncertain proposition. 
There is a correlation between the two sets of 

corresponding sensor 321 ,, mmm  and 4m .  

 
 

Table 1. The basic probability assignment  
of 4 sensors. 

 
Target Recognition O1 O2 O3   

1m
 

0.3 0.25 0.2 0.25 

2m
 

0.2 0.25 0.15 0.4 

3m
 

0.25 0.15 0.2 0.4 

4m
 

0.25 0.2 0.2 0.35 

 
 

 ’s values can be obtained by simulation or 

experiment. As a kind of engineering approximate 
application, the ’s values associated with system 

design. But as the system design is fixed,  ’s values 

are relatively stable. This value we can get through a 
lot of experiments and statistics.  

To calculate the correlation values  of 
i  under 

given condition, we chose 4 kinds sensors to analyze 
its state, Table 2 is value   of 

i  on given the 

correlation values appear. We can see from Table 2, 
the influence of correlation information is different 
for the different target judgment. This is because the 
associated information contained the target 
information effect. For example, radar and an 
infrared detector were linked to air target detection. 
But their correlation information is difference from 
the metal target and the non-metallic targets. The 
radar detector is more sensitive on metal targets, and 
for the high temperature objects, the infrared 
detectors can be more sensitive. So, when making 
 ’s value test, we must be to test all the goals, so 

that we can get more real and comprehensive system 
information. At the same time, in the correlation 
analysis of the various sensors and the different 
targeted features, we should choose the most 
effective correlation information, and this will 
greatly improve the performance of detection system.  

12 and 34  are target recognition correlation values 

on
1O , 

2O  and 
3O  under )4,3,2,1( ii  when given 

the correlation values appear. To gain basic 
probability assignment of 4 kinds of evidence 
combination without considering the correlation 

information, we use 321 ,, mmm  and 4m  to 

combination and form basic probability 
assignment ),,( 123412312 mmm , it can be gain by 

Table 3. 
 

 
Table 2. The value   of 

i  on given the correlation 

values appear. 
 

Target 
Recognition 

O1 O2 O3 

12
 

0.04  0.035  0.023 

34
 

0.038  0.02  0.03  

 
 
Table 3. Basic probability assignment of 4 kinds of 

evidence combination without considering the 
correlation information. 

 
Target 
Recognition 

O1 O2 O3   

12m
 

0.33 0.32 0.21 0.14 

123m
 

0.36 0.28 0.22 0.14 

1234m
 

0.40 0.29 0.24 0.07 

 
 

That can be seen from Table 3, with the increase 
of sensors numbers, the reliability of D - S evidence 
reasoning synthesis result became higher. This shows 
advantages of multi-source detecting, and it also 
suggests that D - S evidence reasoning method is 
very applicability for multiple source detection 
system. So, when we are in the data associated, D - S 
evidence reasoning method is comminuted. In this 
way detection information can be more efficiently 
used, and it improve the system detection 
performance as a whole.  

According to the formula (9), we can calculate 
the correlation information detection probability of 
the target. The calculation has a certain degree of 
engineering approximation. But this method 
simplifies the complicated calculation, and the 
calculation results can be test. We can see from the 
results, the correlation information and the 
information that output by sensor itself can be judge 
the target independent.  

By calculating, the target in the presence of a 
given correlation values to determine the probability 
of i , such as Table 4. 

 
 

Table 4. Target discrimination probability of 
i . 

 
Target 
Recognition 

O1 O2 O3   

1β
 

0.33 0.28 0.27 0.12 

2β
 

0.30 0.23 0.3 0.17 
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The 1 and 2  in Table 4 are two independent 

correlation information. One is extracted from 1m  

and 2m , another is extracted from 3m  and 4m . The 

link information gives the target new detection 
probability. Due to the 1 and 2  are independent of 

each other, so they meet the synthesis conditions of 
D - S evidence reasoning. They can continue to 
synthesis by D - S evidence reasoning method. We 
can calculate their probability combination 
distribution by combining 

1 and
2  base on D-S 

evidence reasoning method, 12  denotes its 

probability distribution, such as Table 5. 
 
 

Table 5. The probability distribution. 
 

Target 
Recognition 

O1 O2 O3   

12β
 

0.37 0.27 0.32 0.04 

 
 

Keeping on combination 12 and 1234m based on 

D-S evidence reasoning method, we gain their final 
probability distribution, such as table 6. Because of 

1234m  and 12  are not independent, the above 

method is also a kind of engineering approximation. 
In practical application, it also can not synthesis on  
D-S evidence reasoning. It can be Comparison and 
analysis D-S evidence reasoning for sensor detection 
results and the detection results of the correlation 
information. In this way, it often can get more 
accurate detection information. At the same time, we 
also can through this method analyses the various 
environmental interference and the false targets.  
 
 

Table 6. The final probability distribution. 
 

Target 
Recognition 

O1 O2 O3   

Final Result 0.4628 0.2652 0.2652 0.0068 

 
 

According to above data analysis, D-S evidence 
reasoning method based on data association has been 
more greatly improved than reasoning method of D-S 
evidence alone. In the D-S evidence reasoning 
method based on data association, by the introduction 
of relevant information, the original target detection 
probability is modified. The original goal of strong 
correlation detection probability was enhanced (0.40 
to 0.4628; 0.24 to 0.2652), instead the original target 
correlation detection probability is partly weaken 
(0.29 to 0.2652); but the detecting system overall 
uncertainty increases from 0.07 to 0.0068, the 
reliability of the system has been improved 
obviously. 

It can be seen from the whole experiment process, 
the D - S evidence reasoning method that based on 
the data association has two cores. First, it is how to 
get the correlation information from multi-source 
sensor data. Second, it is how to make full use of the 
correlation information, to form a correct judgment 
for the target. The method mainly through the 
application of the correlation function to get the 
target detection probability from the correlation 
information. And this method solves the problem of 
the extraction and application for the correlation 
information. At the same time, the method 
effectively combines the D - S evidence reasoning 
method, and greatly improves the overall detection 
performance of detection system.  

 
 

5. Conclusion  
 

Evidence reasoning as an uncertainty reasoning 
method, can satisfy more than Bayesian probability 
theory in the weak conditions, it has an ability direct 
expression "not sure" and "not know" , which makes 
the evidence reasoning widely used in target 
recognition. At the same time, the synthesis of 
evidence reasoning rule can be convenient for multi-
source information fusion processing detection 
system. It greatly improves the detection 
performance of multiple source detection system. 
Information association as the objective existence of 
multi-source detecting system is often ignored by the 
system designer. In important target detection and 
recognition system, information correlation is the 
fundamental reason that often decided the system 
judgment. So, at the beginning of the system design 
it should be analyzed the information correlation 
from an overall point of view. 

Compared with the traditional D--S evidence 
reasoning method we can see that the accuracy of the 
Multi-sensor Detection System of target 
identification is improved, and the uncertainty of the 
system is greatly reduced. In a practical multi-source 
detecting system, the correlation information is 
inevitable. Single sensor information is often partial. 
Especially the detection system of multi-source 
heterogeneous, different detection system formed 
complementary advantages, it greatly improves the 
performance of detection system. So the effective 
utilization of information between different detection 
system correlation has great significance. For target 
recognition and environmental interference is the 
eternal theme in all of the detection system, so the 
detection system of target correlation detection often 
are suitable for all kinds of interference environment. 

By flexibly using this method, it can also solve 
the anti-interference problem of particular 
environment targeted. How to effectively use 
multiple sensor information to detect system needs 
further research and exploration. This paper provides 
an approximate approach for engineering processing 
and a train of thought for correlating information 
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between sensors that is a complex issue associated 
with designing the system structure in practice. 
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Abstract: Aiming at the multi-source heterogeneous of target tracking system information. On the basis of 
"current" statistical model, this paper researches the unscented Kalman filter information fusion method and 
analyzes its mathematical model. According to the mathematic model researching of optimal estimation real 
time tracking algorithm, it be able to describe and process the sensor information of uncertainty characteristics 
by using fuzzy theory, making an adaptive adjustment of the measurement parameters of the Kalman filter, so as 
to achieve the system error calibration and measurement error adaptive function. In line with the model of 
functional parameters, carrying on the simulation of the single sensor filtering error and multiple sensor filter 
error, by comparing the trajectory and actual motion analysis shows, this method can effectively improve 
tracking precision and stability. It can avoid external interference; accelerate the convergence speed of response 
and adapting active period of target tracking measurement requirements. Copyright © 2013 IFSA. 
 
Keywords: Multi-source information fusion, Unscented Kalman filter, Fuzzy theory, Target tracking. 
 
 
 
1. Introduction 
 

Multi-sensor data fusion is the common functions 
for a human being. People are very natural to use the 
ability from the body sensors (eye, ear, nose, legs) 
information (sights, sounds, smells and touch), and 
use of prior knowledge to estimate and understand 
the surrounding environment. Multi-source 
information fusion features can be summarized as: 
expand the search range of space and time; improve 
the detect ability; improve the target detection 
performance; improve the resolution of time or space, 
reduce the uncertainty of information, improve 
information in confidence; Enhance the fault-tolerant 
ability and adaptive ability of system; etc. [1-2]. Thus 
make the whole system performance is greatly 
increased. Fundamentally speaking, the result is from 
the information redundancy and complementarily. 
Therefore, multiple sensor information fusion can 
often get the results that single sensor is difficult to 

obtain. Its performance will often have a qualitative 
leap. In principle, these ideas can be further 
performed to equipment and system integration [3-7].  

Applications of wireless sensor network make 
target tracking and recognition from one single trace 
model into multiple tracking models. The operation 
mode of the wireless sensor network has the 
characteristics of simple, convenient and low cost 
than any other communication mode, and so it has 
extensive engineering application. For a multi-
sources target tracking system, how to make full and 
effective use of information that acquired and how to 
realize accurate measurement of target is a very 
meaningful research content. Among all of methods, 
the information fusion is an effective way to solve 
this problem.  

Kalman filter theory is a filter method that based 
on Bayesian filter theory with a state equation and a 
measurement equation to describe the linear system. 
Kalman filtering is actually a set of real-time 
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recursion method implemented by computer. 
Extended Kalman filter is put forward by the people 
to solve the problem of nonlinear system estimation. 
The traditional solution is to use Taylor series 
expansion. Without tracking Kalman filter match the 
statistical properties of a random variable is through a 
set of Sigma points that precise selected. This is a 
way that easy to implement.  

Multi-source heterogeneous information fusion is 
a very strong comprehensive interdisciplinary, it 
involves a wide range of knowledge, methods and 
techniques of different fusion processes used are 
different. A variety of information and data obtained 
by the multi-sensor information acquisition, after 
preprocessing and feature extraction, and finally 
through the different fusion algorithm to obtain the 
fusion result, the multi-source heterogeneous 
information fusion technology has outstanding 
advantages compared with the traditional information 
processing technology. It can increase the reliability 
of the system and information, reduce the data 
ambiguity, and improve the ability of the system’s 
anti-interference and the data accuracy. In terms of 
the target tracking and measuring system, according 
to the equipment size, distribution, communication 
ability and the mission requirements, the choice of 
information fusion structure is not the same [8]. 
Multi-source heterogeneous information fusion 
technology was first used in the field of military, the 
basic model of information fusion in the literature has 

been given, but for target tracking the research of 
multi-source heterogeneous data integration is much 
less, there is no comprehensive integration and 
analysis of relevant data in tracking. Therefore, in 
this paper, on the basis of target tracking principle 
and method, using the adaptive unscented Kalman 
filter information fusion method to process the multi-
source heterogeneous tracking data of the target [9]. 

 
 

2. The Analysis of Real-time Target 
Tracking Fusion Model 
 

2.1. Multi-source Information Fusion Model 
Analyses  

 
Multi-source heterogeneous information fusion 

technology was first used in military field. The basic 
information fusion model is shown in Fig. 1. The 
target tracking system of this article is composed by 
multiple sensors. Because each sensor’s coverage is 
different, and each sensor have different observation 
period, target tracking data is obtained by real-time 
fusion processing model. The model in diagram 
mainly includes the multi-source data fusion, data 
calibration and association, etc. After the data fusion 
of multi-source information and real-time filtering 
processing, it can be get a relatively accurate target 
trajectory measurement [10-12].  

 
 

 
 

Fig. 1. Multi-source target tracking system block diagram. 
 
 
We can see from Fig. 1. Multi-source detecting 

system work process is described as below. First of 
all, because the difference of multi-source 
heterogeneous sensors that worked independently, 
the system must take unified parameters 
preprocessing. Pretreatment can correct the data 

error. This ensures the quality of subsequent 
processing. At the same time, the main task of the 
preprocessing is reducing all kinds of uncertain 
factors that affect the performance of target 
recognition. These factors include noise, clutter, 
active or passive interference. Second, the detection 
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system disorders can cause nonlinear and 
inconsistency of the equipment. This makes detection 
data have system error, and it can influence the target 
parameter. In order to ensure the high quality of the 
data, it needs to store a batch of calibration 
compensation data advanced in the computer. When 
detection system worked, it can be calibration and 
compensation the data according to the 
measurements or the system state. Thus can eliminate 
or reduce the system error data. Third, it needs to 
analyze the correlation of multi-source heterogeneous 
sensor data, and get useful information as possible. 
So, it can improve the detection performance of the 
system. Fourth, target recognition task is drawn one 
or more characteristics that directly related to target 
properties from the target echo as the sources of 
information for target identify [13]. Target 
identification needs to extract target logo and stable 
characteristics from echo information and determine 
its properties, which echo signal amplitude, phase, 
frequency, etc all can be used. Through obtain the 
goal of information for computer processing, and 
compared with known characteristics of the target, it 
can achieve the purpose of target of automatic 
identification. Fifth, through the analysis of the 
information processing, the system can estimate of 
target state, and get the overall trend prediction. At 
the same time, the system parameters can adjust in 
real time [14-16].  

 
 
2.2. Target Tracking Model Analysis  

 
The real-time target tracking fusion model is 

shown in Fig. 2, the model adopts the measurement 
fusion algorithm, without the need of each sensor of a 
UKF filter, so as to reduce the computational burden, 
is conducive to improve the real-time system. The 
main components of the model are the "current" 
statistical model of state equation, measuring 
equation, unlock anomaly inspection, Kalman filter 
and fuzzy processing module. The operating principle 

of the fusion model is as follow, with the use of the 
"current" statistical model to construct the state 
equation, after the real-time filtering of the Kalman 
filter to obtain fusion data, at the same time, in the 
light of the fused target information, real-time 
tracking and revising the structure parameters of the 
filter to improve the accuracy of data processing by 
the fuzzy theory algorithm. At the same time, 
according to the measurement values and prediction 
equations to judge and test the unlock anomaly of the 
filter [17]. 

"Current" statistical model belongs to the type of 
maneuvering motion model, it can better approach to 
the target maneuver period movement features. This 
article chooses zero mean time correlation models, 
using Rayleigh distribution to describe maneuvering 
acceleration. Discrete state equations for this model 
is 
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)(kF  is the state transition matrix and )(kG is the 

input control matrix, )(kW  is the error term. The 

prediction equation of the model 
is akGkkXkFkkX )1()/(ˆ)1()/1(ˆ  , it can 

be concluded that 
 

 
 

 
 

Fig. 2. Real-time target tracking fusion model diagram. 
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The equation described a uniformly accelerated 

rectilinear motion, suitable for tracking uniform 
acceleration target. 

 
 

2.3. Loss of Lock Judge and Outliers Test 
 

When detection system in observation tracking, 
not all the device worked in the observation interval. 
Devices need to be unlocked test. Assumes that only i 
stage within the scope of the observation, the system 
measurement equation is TNi yyyY ]......[ 1 . 
Outliers are usually divided into isolated outliers and 
spot outliers. These values will affect the filtering 
characteristic of tracking system. In order to 
guarantee the stability of the system, this paper use 
the predictive value that produced a moment ago to 
recognize and process. This unlock judge and outlier 
test method as shown in Fig. 3. 
 
 
3. The Processing Algorithm of 

Unscented Kalman Filter in Target 
Tracking 

 
Kalman filter is a minimum variance estimation 

algorithm for dynamic system. It through the state 

equation and the prediction equations describing 
dynamic system. Kalman algorithm has the 
characteristics of small amount of calculation and 
real-time computation, so it is widely used in target 
tracking and measuring system. At the same time, the 
fuzzy theory is based on the uncertainty of detection 
information, and it is according to certain decision- 
value making common information flexible, so as to 
improve the accuracy and credibility of information.  

The essence of Kalman filter is the state vector 
reconstruction of the system from the measured 
value. It is via the order of "prediction - measured - 
revision" recursively, using the measured value to 
eliminate the random error and reappear the system 
state. The state equation of traditional Kalman 
filtering equation is too complex, and the real-time 
effect is relatively poor, so this paper uses the 
unscented Kalman filter [18]. The unscented Kalman 
filter is on the foundation of Kalman filter, the 
Kalman equation is described by using the 
probability density distribution, which uses sigma 
point to measure sample mean and covariance. On 
the basis of guaranteeing the measurement precision, 
making the amount of calculation reduced 
significantly, and has high anti-interference ability. 
The noise interference state is a random variable, can 
not be accurately measured, but can conduct a series 
of observations. According to a set of observations, 
Kalman proposed a recursive optimal estimation 
theory, using the state space description method, and 
the algorithm adopts recursive form. Aiming at the 
target movement model, established the signal’s 
nonlinear state equation:  
 

)(]),(),/([)/1( kWkkUkkXfkkX   (1) 

 
 

Measured value Y(K+1)

All loss of lock judge

Detect by self

Detect with each other

To eliminate 

Y

N

Y(K+1/K)

Predicted by the filtering system directly 

 
 

Fig. 3. Unlock judge and outlier test method diagram. 
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The measurement equation: 
 

)(]),/([)( kVkkkXhkY   (2) 
 
Among them, the state parameter LX R , input 

nU R , the state noise (0, )kW P , measurement 

noise (0, )kV Q . The average initialization parameter 

TTnTvTxaX ],,[ ， )( 00 XEX   and the covariance 

0p  is  

 

0 00 0 0[( )( ) ]TP E X X X X    (3) 
 

If we add noise during initialization, then  
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One of the important factors to influence the 

unscented Kalman filtering effect is the sampling 
method of the point sigma. Set up

xxi PnXX )(  , 

let the sampling weights be )}(2/{1 x  nWW c
i

m
i

, 

  is the scale parameter, adjusting the distance 
between the sigma point and the mean point. The set 
of sigma points is obtained by the nonlinear 
transformation criterion: 
 

xi
a
i nixgkkX 2,...,0),()/(  . 

 
Weighted processing the transformed sigma point 

set, calculating the Sigma sampling prediction mean, 

the weight is iW . It can express by formula (5).  
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The state parameter LX R contains the target 
coordinates, speed and other information. Weighted 
processing can be adjusted according to the actual 
situation, to meet the different requirements of 
measurement system. But at any time the 
measurements of target position, velocity and 
acceleration are often have noise [19]. The Kalman 
filter using the target’s dynamic information, trying 
to get rid of the influence of the noise and to get a 
good estimation about the target position. Sigma 
sampling point prediction covariance is calculated by 
formula (6). 
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The noise interference state is a random variable, 
can not be accurately measured, but can conduct a 
series of observations. According to a set of 
observations, Kalman proposed a recursive optimal 
estimation theory, using the state space description 
method, and the algorithm adopts recursive form. 
According to the predicted measurement sampling 
equation  
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And the prediction measurement mean and the 

covariance. 
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(10) 

 
State estimation is an important part of the 

Kalman filter. In accordance with the multi-source 
observed data to deduce random quantity 
quantitatively, which is the estimation problem, 
especially for dynamic target state estimation, it can 
realize the real-time running state estimation and 
prediction. State estimation is of great significance 
for the understanding and control of a target system. 
The Kalman gain, the updated mean and variance can 
be calculated. 
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Diagram of processing algorithm flow chart of 

unscented Kalman filtering in target tracking  
as Fig. 4. 
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Fig. 4. Processing algorithm flow chart of unscented Kalman filtering in target tracking. 
 
 

With the establishment of the unscented Kalman 
filtering algorithm, it can be seen that the algorithm 
does not need the system equation and the prediction 
system function which the ordinary Kalman 
algorithm needs. It greatly reduce the amount of 
calculation, and the covariance of the algorithm has 
higher degree of freedom, can reduce the system 
error effectively [20]. According to the algorithm 
above, we can use the following flowchart for 
processing. 

 
 

4. Fuzzy Inference in the Application  
of the Unscented Kalman Filtering 
Process 
 

Fuzzy reasoning fusion process can be carried on the 
statistical analysis on the innovation sequence in the 
unscented Kalman filtering process, estimating the 
system error and measurement error, and revising 
accordingly [21]. In the fuzzy inference process, by 
dynamic real-time adjusting the weigh of 
measurement noise covariance matrix, making the 
actual value of the adjusted covariance value 
approximately equal to the residual theoretical value.  
In order to extract the effective acceleration 
information, selecting the appropriate data to extract 
the appropriate characteristic values as input of the 
fuzzy inference system [22], the fuzzy processing 
steps are as follows: 

(a) Using the unscented Kalman filter algorithm, 
accumulating the information sequence whose length 
is N , defined as: 
 

( 1) ( 1 / )kV y k y k k     (14) 

 
The actual value of residual covariance at time tk is 
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The theory residual value of the system is zzP .  

(b) Defining the ratio of residual value 
 

2( ) / ( )zzk tr tr P . 
 

(c) In order to make the value k  maintained at 
around 1, it needs to real-time adjust the theory 
residual value zzP , by adjusting the value  from 

formula (5) to maintain the stability of the value k . 
“a” characterized for the fuzzy set of “Small”, "b" for 
the fuzzy set “1”, and "c" for the fuzzy set “Big”, the 
fuzzy criterion is: 
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5. Simulation and Verification 
 
To assess the effect on fusion algorithm in 

tracking measurement technique, this paper using the 
MATLAB simulation software to make simulation 
experiment, adopting the Monte Carlo method, and 
carry on the experiment many times to get the 
average value, generally for 50 times. 

Firstly, the simulation is initialized, the 
simulation time is set to 1000 s, establishing the 
standard system initial value: stator (0) and 
measurement initial value, and generate a trajectory 
generator. In order to promote the authenticity of the 
simulation, the actual moving trajectory should have 
certain randomness and motor section, as shown in 
Fig. 3; select the actual movement trajectory in 200 s.  

Secondly, using Kalman filter simulation 
experiment of single sensor data and a plurality of 
sensor data, and display the tracking path obtained by 
single sensor and multi-sensor tracking path after 
treated. The simulation results are as follows. Fig. 5 
shows the output error’s mean square value of the 
system for target tracking in the [300, 800 s] time 
interval.  

 
 

 
 

(a)  
 

 
 

(b) 
 

Fig. 5. Error comparison of the sensor  
and multiple sensors. 

Fig. 5 (a) is a test of the single sensor data. It can 
be seen from the Fig. 5 (a), the part of measurement 
error increased dramatically should be the target 
maneuvering time interval, the error in the 340 s and 
675 s all reached and surpassed 200. Fig. 5 (b) is the 
test of multi-sensor data. In Fig. 3 (b), the 
measurement error in the 480 s and 760 s respectively 
achieve maximum, but never reach 40. Contrast  
Fig. 5 (a) and (b), when the system is using a single 
sensor measurement, the error of the mean square 
value can reach more than 200, and when the system 
uses multiple sensors measurement, the error of the 
mean square value is about 30. It is obviously that the 
multiple sensor fusion can effectively reduce the 
motor segment error and achieve the goal of fast 
convergence. 

Fig. 6 (a) shows the actual trajectory of the target 
in 0 ~ 250 s, it can be seen that there is a target 
maneuver near 50 s. Target trajectory is smooth. 

Fig. 6 (b) is the test of the single sensor’s data 
retrieval of target motion trajectory, it can be seen 
that the target system of trajectory reconstruction in 
the former 50s is relatively smooth, when the target is 
in the vicinity of maneuvering around 50 s, the 
system output volatility, error and output error is 
difficult to convergence, at the same time, the system 
becomes unstable. Fig. 6 (c) is the multiple sensors' 
target motion trajectory of the test data reproducing, 
it can be seen that the multi-sensor’s output target 
trajectory is much smoother than single sensor 
through the unscented Kalman filter. Especially when 
the target motorized, it also does not appear large 
measurement fluctuations. 

Synthesis the simulation results of Fig. 6 (a), (b), 
(c). The target motion trajectory measured by the 
single sensor has larger jitter. Especially when the 
target maneuver accelerated, the measurement error 
of the single sensor becomes larger, the ability of 
anti-noise is not enough. From the multi-sensor data 
fusion map, the real-time tracking data with high 
precision, and the tracking ability is very strong, 
especially the mobile target tracking can still be 
effective. In the case of big maneuvering 
acceleration, the speed of convergence is fast, thereby 
reducing the maneuvering phase measurement error. 

Information fusion research extremely rich 
content, and that involving the basis of the theory is 
also very extensive. The information fusion method 
is the core technology of information fusion research. 
Current fusion method can be roughly divided into 
two categories: probability statistics method and 
artificial intelligence. The probability statistics 
methods mainly include Kalman filtering, hypothesis 
test, the Bayesian method, statistical decision theory, 
and other deformation method. Artificial intelligence 
methods including D - S evidence reasoning, fuzzy 
logic and god through network, expert system, etc. In 
practice, there is no a completely correct algorithm 
for one detecting system. So, when choosing 
information fusion algorithm, it will be decided 
according to the actual situation.  
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(b) 
 
 

 
 

(c) 
 

Fig. 6. Comparison of the measurement and actual 
trajectory between the single sensor and multi-sensor. 

 
It should be based on the prior data available to 

analyze and select the appropriate algorithm. A large 
number of prior data and system simulation is very 
important to select the appropriate algorithm. For the 
problem of prior data is insufficient in the practical 

application, it should be undertake system simulation 
as much as possible, and choose the decision by 
comparing the algorithm. For the real time ability of 
algorithm, computation in the practical application 
and speed requirements are not the same. For 
example, the ground system and the airborne system 
are characteristic of higher real-time demand. At the 
same time, the algorithm's robustness and accuracy of 
the system have the contradictions. It should be 
according to the practical problems to choose the 
reasonable accuracy and robustness of the algorithm, 
and this is an important criterion of algorithm 
selection. 
 
 

6. Conclusion 
 

This paper uses multi-source information fusion 
theory, the structure is simple. The small amount of 
calculation of fuzzy adaptive unscented Kalman filter 
algorithm for real-time target tracking is analyzed 
and simulated, it can be seen from the simulation 
results, using the method of multi-source information 
fusion in the measurement of real-time target tracking 
can reduce the error greatly and accelerate the 
dynamic convergence speed. The method is suitable 
for tracking and measuring high speed maneuvering 
targets, it has a good application in engineering. At 
the same time, using fuzzy reasoning fusion process 
to statistical analyze the innovation sequence in 
unscented Kalman filtering process, estimate the 
system error and measurement error, and revised 
relevantly, also improve the accuracy of the 
algorithm. There are many kinds of information 
fusion algorithm; the algorithm and application of 
multi-source heterogeneous information fusion are 
closely linked. For the practical information fusion 
problems, it should be designed the suitable 
algorithm according to the concrete problem, in order 
to achieve the best performance. 
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Abstract: Lock-in amplifiers are used to process the analog signals even in the presence of noise sources of 
greater amplitude. In the present study, an attempt is made to design a C8051F060 microcontroller based lock-in 
amplifier. The microcontroller contains all the on-chip features to design a single-chip lock-in amplifier. The 
reference signal for lock-in amplifier is generated by on-chip digital-to-analog converter (DAC) and timer. The 
signal whose amplitude is to be measured is acquired by on-chip ADC. The ADC values are directly stored on to 
XRAM through on-chip DMA controller. Later, these stored values are processed by using quadrature sampling 
method to get amplitude and phase of the 100 waves. The amplitude and phase values of 100 waves are 
averaged to eliminate the random noise of the signal and are displayed on the LCD module. The amplitude and 
phase are sent to the PC through on-chip serial port (UART) to store/plot the graph. The proposed lock-in 
amplifier is applied to study the phase transitions of sulfur sample by varying the temperature at slow rate  
(0.3 °C/min) using microcontroller based temperature control system. Copyright © 2013 IFSA. 
 
Keywords: Lock-in amplifier, C8051F060 microcontroller, Phase, Amplitude, PAS. 
 
 
 
1. Introduction 
 

The precise and accurate measurement of 
physical, chemical, and biological parameters plays 
an important role in unraveling the mysteries of 
nature. Modern measuring instruments play an 
important role for studying the nature closely and 
clearly. New discoveries in science provided new 
instruments for the study of nature and these studies 
in turn give feedback to develop sophisticated 
instruments; Lock-in amplifier is one such 
instrument. In many scientific and industrial 
applications, a situation exists where one needs to 
measure amplitude of the signal which is much 
smaller than the noise component present in the 
environment. In such case, the lock-in amplifier is 

very essential. Lock-in amplifier uses phase sensitive 
detection to measure small signals buried in noise. 
The lock-in amplifier can be designed with 
conventional analog circuits or with digital systems. 
The analog lock-in amplifiers use complicated 
circuitry to perform phase sensitive detection and 
filtering. Also, the analog lock-in amplifiers are 
susceptible to the environmental changes and aging 
effects. These difficulties can be overcome by digital 
lock-in amplifiers. Lock-in amplifier can measure 
small ac signals of only few nano-volts even in the 
presence of noise sources of much greater amplitude. 
They do this by phase sensitive detection circuit that 
discriminates a single frequency of interest by 
comparing the phase and amplitude of incoming 
signal with a reference. Signals from interfering 
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sources, which do not have the same frequency and 
phase relationship with the reference, are rejected by 
the phase sensitive detector (PSD). It is called an 
‘amplifier’ because the signal level at the output is 
usually greater than that of the input, and the term 
‘lock-in’ because it locks to, and measures the 
particular frequency of interest ignoring all other 
signals at the input. Lock-in amplifier is used to 
measure the amplitude of the signal and phase 
difference between reference and measuring signal. 
In most of the digital lock-in amplifiers analog 
interface (ADC-DAC) circuit and other external units 
are used [1-10]. Here, an attempt is made to design a 
digital lock-in amplifier using on-chip features of 
C8051F060 microcontroller with minimum external 
circuits. 

 
 

2. Theory and Principle of Lock-in 
Amplifier 
 
The block diagram shown in Fig. 1 explains the 

principle involved in lock-in amplifier. It uses a pre-
amplifier, phase shifter, phase sensitive detector, and 
a low pass filter [2].  

 
 

Phase 
shifter 

Reference Signal 

Vref  

Vin 

Multiplier 

Pre- 
amplifier 

Signal 
PSD Low pass 

filter 
Display 

 
 

Fig. 1. Block diagram of lock-in amplifier. 
 
 

The PSD is used to improve the signal-to-noise 
ratio in ac signal measurements. It is a common 
signal processing element which is often used to 
demodulate a signal frequency from its fixed 
frequency carrier. If two signals are multiplied, the 
result will be a signal consisting of the sum and 
difference of two signals as expressed in the 
following derivation. 

 

)tsin(Vy

)tsin(Vx

2ref

1in







 

 
where x and y are the signal and reference 
respectively. Vin, Vref, ω1 and ω2 are the amplitude and 
angular frequency of signal and reference 
respectively. ‘θ’ is the phase difference between the 
two signals. 
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If the frequency of reference is equal to the 

frequency of interest, then the term )2cos(  t  

can be removed by passing the output signal through 
a low-pass filter leaving the final DC signal. This is 
proportional to the magnitude of the input signal and 
phase relationship between the input signal and 
reference [11, 12].  

 
 

3. C8051F060 based Lock-in Amplifier 
 
3.1. Hardware Details 

 
The proposed lock-in amplifier is designed using 

C8051F060TB microcontroller board from Cygnal 
Integrated Products, Inc., Austin, USA. The on-chip 
peripherals of microcontroller will facilitate to design 
a single chip lock-in amplifier. Except PCA module, 
rests of the features of microcontroller have been 
used in the design of lock-in amplifier. The 
microcontroller has the following features [13]. 
 High-speed pipelined 8051-compatible CIP-51 

microcontroller core (up to 25 MIPS). 
 Two 16-bit, 1 MSPS ADCs (ADC0 & ADC1) 

with a direct memory access controller. 
 Two 12-bit, DACs (DAC0 & DAC1) with 

programmable update scheduling. 
 64 KB of in-system programmable Flash 

Memory. 
 4352 (4096 + 256) bytes of on-chip RAM. 
 External Data Memory Interface with 64KB 

direct address space. 
 SPI, SM Bus/I2C, and two UART serial 

interfaces implemented in hardware. 
 Five general purpose 16-bit Timers. 
 Programmable Counter/Timer Array (PCA) with 

six capture/compare modules. 
 On-chip Watchdog Timer, VDD Monitor, and 

Temperature Sensor. 
In most of the digital lock-in amplifiers, the 

processing is performed in the digital domain using 
software and dedicated digital signal processor 
(DSP). The system still features a pre-amplifier and 
anti-aliasing filter to remove any signal component 
higher than half of the sampling frequency of ADC. 
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The lock-in amplifier requires a reference signal to 
perform the phase sensitive detection. The reference 
signal is generated internally or derived from 
sampling an external signal. In case of internally 
generated signal, the individual sample points of the 
reference signal can be calculated to a high degree of 
accuracy, and therefore do not suffer from the typical 
errors found in analog lock-in amplifier. The 
reference signal is also phase-shifted by 90° by either 
look-up table or simple mathematical operations. 
Here the reference signal is derived internally by 
look-up table with 256 sine codes, Timer 3 module 
for scheduled update, and DAC0 module of the 
C8051F060. Since, it is essential for this routine 
never be interrupted or delayed; it is assigned a high 
priority level. A simple circular buffer counter moves 
through a table of values that are output to DAC0 
module for every 10 µSec. This will produce a sine 
wave with maximum amplitude of 2.4 V.  

The signal is acquired with on-chip ADC0 
module with 16-bit resolution. The ADC0 can be 
initiated from various sources such as AD0BUSY bit, 
Timer 2 overflow, Timer 3 overflow, and external 
trigger. In the present design, it is important that all 
the clocks for sampling, and signal generation need to 
be synchronized because there is a possibility of 

change in phase relationship of the signal with the 
change in timings. For this reason, the ADC0 
conversion is also derived from Timer 3 overflow 
and it is set to produce the start-of-conversion signal 
for every 10 µSec (at a sampling frequency of  
100 kHz) so that the signal generation and acquisition 
will be done at the same time. Fig. 2 shows the block 
diagram of most of the commercial DSP based lock-
in amplifiers [3]. Here, the reference and phase-
shifted reference values are multiplied directly to 
generate the intermediate X´ and Y´ signals. Finally, 
these signals are passed through digital low-pass 
filter to generate the final output values X and Y.  
Fig. 3 shows digital lock-in amplifier implemented 
using C8051F060TB board. If the sampling is 
performed with 16-bit resolution at 100 kHz rate, 
then an anti-aliasing filter needs to be set at 50 kHz to 
attenuate any signals above 50 kHz. As the ADC0 
conversion time is 1µSec, it can be extended up to  
1 MHz. Since, on-chip ADC of microcontroller is 
unipolar, the microcontroller board is provided with a 
circuit to convert input bipolar wave to unipolar 
wave. 
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Fig. 2. DSP based lock-in amplifier. 
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Since, the data will be arriving at such a high rate; 
it is not possible to complete the entire signal 
processing task between batches of the arriving 
samples. For this reason, the software stores 32768 
sampled data directly onto the external data memory 
through on-chip DMA controller and only then 
performs multiplication and filtering operations. 
After collecting these many samples, the results of 
any subsequent data points are ignored until the 
current data have been processed. This introduces a 
problem if the restart of sampling occurs at different 
points in the waveform for next cycle which will 
introduce a phase change and error in the final 
output. To overcome this problem, the sampling is 
resynchronized to start of the output waveform for 
each batch. Since, the generation and acquisition is 
done at the same time with Timer 3 interrupt at every 
10 µSec. After receiving data of 100 cycles, the in-
phase and 90° phase shifted (quadrature) components 
are performed only at four points on each wave to get 
X´ and Y´ values as shown in Fig. 4. 

 
 

 

 
 

X 
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X 
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Fig. 4. Quadrature sampling. 
 
 

Consequently, the operations performed by the 
PSD are reduced to a sequence of addition and 
negations without requiring any multiplications 
saving the entire processing time. These X´ and Y´ of 
100 waves are averaged to eliminate random noise of 
the signal, and to get X and Y. These values are 
substituted in the equations (3) and (4) to find 
amplitude and phase of the signal [11, 14] and are 
display on LCD module. 

 

22 YXAmplitude   (3) 
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3.1. Software Details 
 

An embedded ‘C’ program has been developed 
for lock-in detection. The flowchart of the program is 
shown in Fig. 5. The Silicon Laboratories IDE and 
Keil full-version embedded ‘C’ cross compiler is 
used to develop the code. Program first initializes the 
on-chip peripherals such as, ADC0, DAC0, DMA, 
UART0, Oscillator, and LCD module. After 
initialization the program generates sine wave with 
help of on-chip DAC0 and Timer 3 modules. The 
sine codes are placed in the look-up table. These sine 

codes are scheduled updated to DAC0 using Timer 3. 
The Timer 3 is programmed to generate an interrupt 
every 10 µsec. When interrupt occurs, the program 
reads the sine code from table by calculating the step 
through phase accumulator algorithm and sends to 
DAC0 module. By varying the step size the 
frequency of sine wave, thus generated, can be 
varied. Next, the program reads signal through ADC0 
module and calculates the amplitude of the signal by 
averaging 100 waves, to eliminate random noise, and 
displays on LCD module. Finally, it enters the serial 
communication subroutine to send the measured 
amplitude and phase to PC through UART0. The 
above procedure will be repeated continuously. 
 
4. Application 
 

The proposed digital lock-in amplifier based on 
C8051F060 microcontroller is applied to 
photoacoustic spectrometry to measure amplitude and 
phase of an acoustic signal. The Fig. 6 shows block 
diagram of photacoustic spectrometer (PAS). It 
consists of 10 mW IR laser (830 nm) source, 
photoacoustic (PA) cell, microphone, pre-amplifier, 
band-pass filter, and microcontroller (lock–in 
amplifier). In PAS, the sample is irradiated by 
modulated laser beam; as a result, the absorption of 
light energy by the sample generates excited internal 
energy levels. All or part of the absorbed light energy 
is then transferred into heat through non-radiative 
relaxation process in the sample. Since, radiation 
incident on the sample is intensity modulated, the 
internal heating of the sample is also modulated at the 
same frequency. The air at the sample surface 
undergoes compression and rarefactions by this 
internal heating of the sample, which in turn produces 
acoustic signal of same frequency as that of the 
modulating signal [15]. The acoustic signal generated 
from the PA cell is converted into electrical signal by 
a microphone. Since, the PA effect is based on the 
absorption of light energy by a sample resulting in 
the production of electric signal of a very low 
amplitude, it is amplified by a high input impedance, 
high gain, and low noise amplifier designed using 
LM308 operational amplifier. The signal to noise 
ratio is further improved by passing through a band-
pass filter. The band-pass filter is designed using op-
amps LM308 for Q=10, G=10, and fc=350 Hz. 

Finally, the filter output is given to on-chip ADC0 
of C8051F060 microcontroller. The ADC0 acquires 
this signal every 10µsec. The sampled data will be 
stored directly on data RAM through DMA 
controller. 64KB of data-RAM is available on 
C8051F060 TB board. Hence, about 100 cycles  
(284 data samples for each cycle of 350 Hz signal) at 
the sampling rate of 100 kHz will be stored. After 
collecting these many samples, the results of any 
subsequent data points are ignored until the current 
data has been processed. The data collected will be 
processed to find amplitude and phase of the signal 
and are displayed on LCD module and later will be 
sent to the PC for storing and plotting.  
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Fig. 5. Flowchart of the lock-in detection algorithm. 
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Fig. 6. Application of lock-in amplifier for photoacoustic spectrometer. 
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5. Results 
 
The system is applied for studying phase transition 

of sulfur sample. The sample is irradiated with 
modulated laser beam and PA signal is detected using 
an electret microphone. The lock-in amplifier 
designed for the present study is employed to record 
the PA signal amplitude (in mV) variations as a 
function of temperature (in °C). A temperature 
controller is also designed using C8051F0350TB [16] 
microcontroller employed to vary the temperature of 
the PA cell at the rate of 0.3 °C/min, which is a 
standard rate for PA measurements. The experimental 
setup is initially standardized using carbon black as 
the sample [17]. 

The sulfur sample is a yellow powder and does not 
absorb optical radiation in the visible and IR region. 
Hence, in order to generate PA signal, the sample is 
mixed with small amount of carbon black, which has 
very good absorption in IR region. The sample is 
taken in a small volume and kept in PA cell. The PA 
signal amplitude is recorded during heating of the 
sample from room temperature (30 °C) to 110 °C. The 
graph, as shown in Fig. 7, is drawn between amplitude 
and temperature. From the graph, it is observed that 
there is a remarkable variation in PA signal amplitude 
and a phase transition occurs at 80 °C. The unique 
behavior of PA signal is obviously due to sudden 
changes in the thermal parameters, like heat capacity, 
thermal conductivity etc., of the sample under 
investigation. Such changes occur normally during the 
transition from one phase to another phase of the 
material. 
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Fig. 7. Phase transition of sulfur obtained using PAS. 
 
 
6. Conclusions 

 
We have successfully designed and developed an 

advanced microcontroller based lock-in amplifier of 
high sensitivity, compact size, and low cost for the 
detection of low-level optical signals in PAS. The 
instrument is capable of recovering the low signals 
buried in large noise. The design contains novel 
solution to problems arising from the use of 

microcontroller as central processor. Programming 
flexibility, re-configurability, and low cost are the 
good reasons for using microcontroller, but the 
disadvantage is poor signal processing performance. 
The proposed design is a good example of single-chip 
instrument as it contains all the features needed to 
design standalone system. The application of 
proposed instrument for PA studies showed as good 
performance as any commercial instrument available 
in the market.  
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Abstract: To improve the accuracy of remote sensing image classification based on a self-organizing 
competitive neural network, this paper firstly uses principal component analysis to reduce redundancy of the 
multi-spectral remote sensing image data, and then takes the earth surface structure information in horizontal 
and vertical directions of the target area as a prior knowledge. The self-organizing competitive neural network is 
modified to contain both structured and unstructured methods. A classifier based on this network, which has 
been trained by sample data, classifies the remote sensing data from the Landsat TM satellite. The classification 
results are compared with that from the maximum likelihood estimation classification. The experiment shows 
that the self-organizing competitive neural network method can improve the accuracy of classification in 
complex earth surface regions. The overall accuracy and Kappa coefficient are 89.1 % and 0.873, respectively, 
which outperform the maximum likelihood method by 18.5 % and 0.227. This result illustrates that the proposed 
method is much better than the maximum likelihood method. Copyright © 2013 IFSA. 
 
Keywords: Earth surface structure information; Self-organizing competitive neural network; Remote sensing 
image classification; Maximum likelihood method. 
 

 
 

1. Introduction 
 

With the rapid development of Earth observation 
technologies, there are higher requirements for speed 
and quality of remote sensing image processing. 
Quick and efficient extraction of specific data from 
massive remote sensing images is particularly 
important to satisfy the needs of national defense 
construction and national economy development. 
Remote sensing image classification is the most 
important method to obtain various particular 
categories of information [1]. However, the accuracy 
of this method is directly affected by image 
processing and classification method [2]. 

In order to improve the accuracy of remote 
sensing image classification, researchers have 
developed a number of remote sensing image 
classification methods, such as the supervised 
classification method, the maximum likelihood 
method, the decision tree method, support vector 
machines, and neural network methods [3, 4, 5]. As 
one of the most popular statistical methods, the 
maximum likelihood is widely used in remote 
sensing supervised classification. It not only uses the 
density distribution function to give a clear 
explanation of the classification results, but also 
integrates the BAYES theory and a priori knowledge 
to improve people’s decision-making ability in 
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geoscience. Besides, it’s easy to use and operate [6]. 
However, the maximum likelihood method not only 
has a huge computational complexity, but also needs 
each group of data during operation follow a normal 
distribution. On the other hand, the neural network 
method for remote sensing image processing mainly 
uses neural computing and non-symbolic connection 
knowledge processing capabilities. It combines 
geoscience knowledge, geographical information and 
remote sensing information to obtain a deep 
understanding and classification of remote sensing 
images. Zhuan et. al. used a neural network in remote 
sensing image classification and compared the 
classification results with statistical methods, which 
proved that the neural network classification method 
has a higher accuracy. Carpenter et. al. had made a 
comparative study Fuzzy ARTMAP classification 
results with the maximum likelihood classification, 
the nearest neighbor classification and the Multilayer 
Perceptron classification [7]. Simpson et. al. utilized 
BP (Back Propagation) algorithm on AVHRR data to 
make a classification of a wide snow-covered area, 
which well distinguished cloud, snow and bare 
ground, and identified the cloud-snow-mixed places 
[8]. However, although the neural network approach 
in nonlinear mode can give an intelligent 
classification of remote sensing images, it has its own 
limitations, such as local minimization problem in 
convergence process. In addition, when the land 
cover type of the target area is very complex, the 
neural network’s ability to distinguish between the 
different land cover types will also be reduced, which 
indicates the reduction in accuracy of the remote 
sensing image classification. 

To improve the accuracy of neural networks 
classification of land cover types in remote sensing 
images which contain complex areas, this paper takes 
into account the spectral characteristics of every 
spectral band of remote sensing images. Before using 
neural network, principal component analysis is 
utilized to reduce the dimension of the remote 
sensing data in order to reduce its redundancy. 
Geostatistical methods are then applied to extract 
information about changes of the earth surface 
structure in both vertical and horizontal directions. 
Finally, while this information is taken as a priori 
knowledge, a basic competitive neural network with 
its self-organizing and adaptive learning ability is 
used to improve the accuracy of remote sensing 
image classification. At the same time, classification 
results of this method are compared with the results 
of maximum likelihood classification, which shows 
good accuracy as well as feasibility. 

 
 

2. Research Approach and Materials 
 
2.1. Architecture of the Basic Competitive 

Artificial Neural Network  
 
The basic competitive artificial neural network 

structure is a type of self-organizing competitive 

artificial neural network. It uses a learning method 
with no guidance. In other words, the network simply 
relies on the characteristic of input mode to adjust 
unit connection strength (weights) by the continuous 
training, while corresponding output is not needed in 
the training process. In this manner, the weight vector 
distribution in the input vector space will be trained 
to be similar to the distribution of the samples [9]. 
The basic competitive artificial neural network 
consists of an input layer and an output layer. It is 
assumed that the input layer has N neurons, and the 
competitive layer (output layer) is with M neurons. 

Network connection weights are denoted as ijw , 

where i = 1,2, ... N; j = 1,2, ... M, which satisfy the 

constraints 1
1




N

i
ijw . The neurons in the 

competitive layer compete with each other. 
Ultimately only one or a few neurons win, which 
adapt to the current input sample. The winning 
neurons represent the current input sample 
classification model. The basic structure of the 
network is shown in Fig. 1. 

 
 

 
 

Fig. 1. Basic architecture of the competitive  
neural network. 

 
 
2.2. Learning Algorithm of the Basic 

Competitive Artificial Neural Network  
 

1) Initialization. Set  ijw  as random values in 

the interval [0,1], where i = 1,2, ... N; j = 1,2, ..., M. 

which must satisfy the constraints 1
1




N

i
ijw . 

2) Randomly select a model X from T learning 
modes as the input layer of the network. 

3) Calculate input jS  following equation : 

 

 




N

i
iijj XwS

1

 (1) 

 

where i = 1,2, ... N; iX  is the ith element of the input 

sample vector. 
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4) Following the idea "winner dominates", the 
neuron which corresponds with the maximum of Sj  
(j = 1,2, ... M) is set as the winner, whose output state 
is set to 1 while outputs of all other neurons are set  
to 0. In other words, based on the mechanism of 
competition, the neuron with biggest weight in 
competitive layer wins. The output can be expressed 
by: 

 

1 , ,

0
k j

k

s s j k j
a

  

 ot hers

 (2) 

 
If there are two or more winning neurons, the left 

one among them is selected as the winning neuron. 
5) The weights related to the winning neuron are 

modified as formula (3), while other weights remain 
unchanged. The weights after the competition are 
modified according to (3). For all i: 

 







  ij

i
ijij w

m

X
aww , (3) 

 
where i=1, 2, …N, a  is learning parameter, and 
satisfies 1a0  . It’s usually set as 0.01~0.03; m  
is the number of neurons in input layers, which are 
with corresponding output of 1, i.e. 
 





N

i
iXm

1

。 

 
6) Select another learning mode, and return to 

step 3 till all T learning modes are provided to the 
neural network. Return to step 2 till the adjustment of 
all the weights become small enough in every loop. 

 
 

2.2. Introduction of the Target Area 
 
The target area is the Guangzhou city (2226N—

2356N, 11257E—11413E), which includes 
Tianhe District, part of Baiyun District (bounded by 
Baiyun mountain), Haizhu District, Yuexiu District, 

Liwan District, part of Huangpu District, part of 
Panyu District, and part of Luogang District. The 
total area is 582.41 km2. Guangzhou terrain tilts from 
northeast to southwest. This place has an annual 
average temperature of 21.4 to 21.8 C, with an 
average daily temperature of above 0 C, while its 
annual rainfall is 1689.3 to 1876.5 mm. The soil type 
is mainly lateritic red soil. The land cover types of 
the target area mainly contain urban land, woodland, 
rivers, lakes, farmland, and orchards. 

 
 

3. Results and Analysis 
 
3.1. Extraction of Earth Surface Information  
 
3.1.1. Extraction of the Optimal Bands 

Spectrum Information  
 
This paper utilizes remote sensing images from 

the Landsat TM sensor, which are with seven bands, 
and have a resolution of 30 meters on earth surface 
except the sixth band. The target area of sub-districts 
from 400 × 400 pixel images can be divided into 
eight categories, which are woodlands, lakes, rivers, 
farmlands, high-rise buildings, residential areas, 
orchards, and meadows. Considering the large 
number of spectral image data of the seven bands, 
correlation analysis is conducted to reduce redundant 
data, which is shown in Table 1. 

From Table 1, Band 1, Band 2, Band 3 have a 
strong correlation, while Band 4, Band 5, Band 7 also 
have a strong correlation. Theoretically speaking, 
Band 6 and any two other bands from the two groups 
respectively are enough to be set as three main 
spectral factors during neural network classification. 
In this paper, to make the results more convincing, 
we use four bands, which are Band 3, 4, 6 and 7. 

Principal component analysis is applied on the 
seven spectral bands. After coordinate 
transformation, the spectral information is mainly 
concentrated in the first main component band, which 
is shown in Fig. 2 and Fig. 3. 

 
 

Table 1. The correlation analysis matrix of 7 bands information from remote sensing images. 
 

Band Band 1 Band 2 Band 3 Band 4 Band 5 Band 6 Band 7 

Band 1 1.000000       

Band 2 0.827941 1.000000      

Band 3 0.716290 0.932977 1.000000     

Band 4 0.064720 0.360138 0.457778 1.000000    

Band 5 0.296519 0.607754 0.743754 0.835405 1.000000   

Band 6 0.385389 0.369907 0.375297 0.177932 0.371446 1.000000  

Band 7 0.495012 0.734530 0.832192 0.635259 0.920848 0.499815 1.000000 
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Fig. 2. Principal component analysis of the TM images 
information in the target area. 

 
 

 
 

Fig. 3. The first principal component band of the TM 
images information in the target area. 

 
 

3.1.2. Extraction of the Earth Surface 
Information 

 
Firstly, the semi-variogram function of the pixels 

in the images should be calculated when geostatistics 
is used to extract changes in the surface structure 
information. In this experiment, only changes of each 
two nearby pixels are considered, while the changes 
are limited in horizontal and vertical directions of the 
earth surface. The variogram function used in this 
paper is the directional variation function [10], which 
can be expressed by 
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1
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hN

i
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h

, 
(4) 

 
where )(hN  is the number of pair of pixels with 

step size h ; )( ixDN  and )( hxDN i   are the 

number of image data at pixel ix  and hxi  , 

respectively. Fig. 4 and Fig. 5 show the spatial 
pattern of the earth surface environment of the target 
area in the vertical horizontal directions, respectively. 
 

 
 

Fig. 4. Spatial pattern change of earth surface  
in horizontal direction. 

 
 

 
 

Fig. 5. Spatial pattern change of earth surface  
in vertical direction. 

 
 
3.2. Remote Sensing Image Classification 

Based on Self-organizing Competitive 
Neural Network  

 
The main process contains the choice of training 

samples and pattern recognition. 9 groups of samples 
are selected for training of a self-organizing 
competitive neural network. The network is 
generated using the function newc(). There are  
9 neurons because 9 categories are needed to be 
classified. In order to accelerate the learning speed, 
the value of learning rate is set to 0.1 with the 
maximum number of training being 1500. The 
training stops when the maximum number of training 
has been achieved. To evaluate performance of the 
neural neural network classification, some tests are 
then conducted. The simulation function is used to 
test the classification in terrain model of the target 
area. After the training on samples, any pixel 
(represented by its RGB value) of the digital image 
can be set as the input vector P of the neural network, 
and then classification results will be obtained after 
calculation of the neural network. When training 
number reaches 1500, the neural network achieves a 
predetermined classification speed and accuracy. The 
classification result obtained in Matlab platform is 
shown in Fig. 6. The pixels belonging to each 
category are counted in Table 2 below. 
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Fig. 6. Result of the self-organizing neural network classification. 
 
 

Table 2. Detail information of each category of the target area. 
 

Category 
Number of 

pixels (Npts) 

Cumulative 
number of pixel 

(Total) 

Percentage of each 
category (Pct) 

Area (km2) 

Deep water 34237 34237 5.29 % 30.81 
Orchard 8795 43032 1.36 % 7.92 
Shallow water 123065 166097 19.02 % 110.76 
Grassland 27126 193223 4.19 % 24.41 
Farmland 125933 319156 19.46 % 113.34 
High-rise building 7792 326948 1.20 % 7.01 
Low-rise building 224229 551177 34.65 % 201.81 
Woodland 78811 629988 12.18 % 70.93 
Others 17135 647123 2.65 % 15.42 

 
 

The percentage of each category from the self-
organizing neural network classification is shown in 
Table 2. Water area within the target area covers 
141.57 km2, taking 24.31 % of the total area. Forest 
land area of 70.93 km2 takes 12.18 %. Farmland area 
of 113.34 km2, orchard area of 7.92 km2, high-rise 
building of 7.01 km2, low-rise building area of 
201.81 km2, grass area of 24.41 km2, roads and other 
land type area of 15.42 km2 take 19.46 %, 1.36 %, 
1.20 %, 34.65 %, 4.19 %, and 2.65 % respectively. 

 
 

3.3. Classification Based on the Maximum 
Likelihood 

 
The maximum likelihood classification is one of 

the supervised classification, which has a rigorous 
theoretical basis. It is easy to set up for discriminate 
functions with a normal distribution. The maximum 
likelihood method is widely used in classifiers not 
only because it has good statistical properties, but 
also can take in count two or more bands and 

categories. People believe it’s one of the advanced 
classification methods since it considers the mean 
value of each category in all bands, variance and the 
covariance between each band. The classification 
result based on this method is shown in Fig. 7. 
 
 
3.3. Classification Based on the Maximum 

Likelihood 
 
The maximum likelihood classification is one of 

the supervised classification, which has a rigorous 
theoretical basis. It is easy to set up for discriminate 
functions with a normal distribution. The maximum 
likelihood method is widely used in classifiers not 
only because it has good statistical properties, but 
also can take in count two or more bands and 
categories. People believe it’s one of the advanced 
classification methods since it considers the mean 
value of each category in all bands, variance and the 
covariance between each band. The classification 
result based on this method is shown in Fig. 7. 
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Fig. 7. Result of the maximum likelihood classification. 
 
 

3.4. Accuracy Analysis and Comparison  
of the Two Classification Methods 

 
To evaluate the accuracy of self-organizing neural 

network classification, an accuracy evaluation 
confusion matrix is established. The confusion matrix 
is generated by sampled pixels. The sampled pixels 
and the sampling method are selected while the 
corresponding category for each selected pixel is 
determined by people. With the support of ENVI 4.8, 
random pixels are generated using classification 
module (Classifier). Then their belonging categories 
are determined one by one.  

Accuracy analysis can indicate the effectiveness 
of the classification method, improve and provide a 
quantitative result on reliability of the classification 
method. From the above experimental results in  
Fig. 6 and 7, we can visually see the performance of 
the two methods, which show that neural network 

classification is significantly better than the 
maximum likelihood classification. The rest of this 
section will quantitatively compare the two methods 
in terms of confusion matrix, classification accuracy 
and Kappa coefficient. Kappa coefficient is a 
multivariate statistical method for evaluation of 
classification accuracy, which represents the 
proportional reduction of the evaluated 
classification’s error compared with completely 
random classification’s error. The estimation of 
Kappa is called KHAT statistics.  

Two confusion matrices for accuracy evaluation 
of the two classification results are established. The 
confusion matrix of the neural network method 
classification can be found in Table 3, while the 
confusion matrix of the maximum likelihood 
classification is shown in Table 4, Table 5 presents 
the classification accuracy and Kappa coefficient of 
the two methods. 

 
 

Table 3. Confusion matrix of the neural network method classification. 
 

Categories 
Grass-
land 

Wood-
land 

Deep 
water 

Shallow 
water 

Orchard 
Low-rise 
building 

High-rise 
building 

Farm-
land 

Total 

Grassland 90 4 0 0 2 0 0 4 100 

Orchard 3 91 0 0 4 0 0 2 100 

Deep water 2 0 92 4 0 0 0 2 100 

Shallow water 1 2 4 93 0 0 0 0 100 

Woodland 4 2 0 0 90 0 0 4 100 

Low-rise 
building 

0 0 0 0 1 85 10 4 100 

High-rise 
building 

1 2 1 0 0 6 87 3 100 

Farmland 3 2 0 0 5 7 0 83 100 

Total 104 103 97 97 102 98 97 102 800 
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Table 4. Confusion matrix of classification results based on maximum likelihood. 
 

Categories 
Grassl
-and 

Vegeta
-tion 

Deep 
water 

Shallow 
water 

The 
pond 

Low-rise 
building 

High-
rise 

building 

Farm
-land 

Road Total 

Grassland 980 78 3 0 1 5 10 57 136 1270 

Vegetation 64 762 6 0 4 3 15 62 97 1013 

Deep water 1 0 1135 44 76 2 1 161 13 1433 

Shallow 
water 

0 0 149 452 10 5 2 52 33 703 

The pond 72 4 28 2 124 0 0 167 10 407 

Low-rise 
building 

8 13 0 7 0 68 76 13 248 433 

High-rise 
building 

1 12 1 0 0 6 905 5 25 955 

Farmland 46 25 16 13 12 3 6 405 66 592 

Road 25 47 3 1 1 6 22 14 174 293 

Total 1197 941 1341 519 228 98 1037 936 802 7099 

 
 

Table 5. The accuracy and Kappa coefficient of the two classification methods. 
 

Classification methods Total classification accuracy (100 %) Kappa coefficient 

Maximum likelihood classification 70.6 0.646 

Neural network classification 89.1 0.873 

 
 

From Table 5, the proposed classification with an 
accuracy of 89.1 %, which is 18.5 % higher than the 
maximum likelihood classification. The error is 
mainly caused by the some failures to judge images’ 
gray differences in network competition probability 
statistics. To overcome this phenomenon, it’s 
necessary to provide some treatments on the images 
such as radiation correction and shadow noise 
removal before the images are inputted to the 
network. These treatments can enhance the 
separability between different categories to achieve 
the aim of improving the accuracy. 

 
 

4. Results and Conclusions 
 

Different from the previous minimum distance 
method and maximum likelihood method, neural 
network method is used for remote sensing image 
classification in this paper. Because the image data 
from satellite spreads in different spectral bands 
while each band has their own characteristics, 
principal component analysis is used to reduce 
redundancy of remote sensing images. Changes in 
earth surface structure (i.e. the heterogeneity of the 
surface structure) are also considered in the training 
process of the neural network. The usage of the 
heterogeneity information provides a better result 
than classification with only spectral information. As 
the experiment shows, the neural network 
classification reaches a total classification accuracy 
of 89.1 %, which is 18.5 % higher than accuracy of 
the maximum likelihood classification. This result 

shows the proposed method can greatly improve the 
remote sensing image classification accuracy in 
complex earth surface areas with a group of non-
normal distribution data. 

In the self-organizing neural network 
classification, a certain number of sample data from 
different land cover categories of the target area has 
been selected and used in network training process. 
Therefore, the purity of the selected sample data of 
land cover types directly affects the accuracy of the 
classification. On the other hand, when applying the 
earth surface structure and geographic information 
through structured and unstructured methods, 
accuracy of the self-organizing neural network 
classification and feature identification will be 
effectively improved in complex areas. However, it 
remains for further studying that which geographic 
information as supplementary information can more 
effectively improve the classification accuracy. 
Furthermore, self-organizing neural network in the 
training process consumes a lot of time to minimize 
the root mean square error. The application of neural 
network classification will be extended when parallel 
computing and more optimized network structure can 
be used in the training and classification. 
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Abstract: Large-scale data centers leverage virtualization technology to achieve excellent resource utilization, 
scalability and high availability. Although virtualization technology has the advantages such as fault isolation, 
environmental isolation and security isolation, current virtualization techniques do not have effective 
performance isolation among virtual machines. The hidden resource competition does exist which is especially 
severe for applications running on the same physical machine. It is essential to build models to accurately 
predict application performance interference among virtual machines to mitigate performance interference 
effect. In this paper, we mainly focus on performance modeling in virtualized environments. We explore 
modeling techniques of artificial neural network and regression models and evaluate their effectiveness in 
modeling application performance in virtualized environments. Based on the performance prediction model, we 
propose the resource management architecture. Experimental evaluations show that our performance model has 
good prediction performance over regression models. Copyright © 2013 IFSA. 
 
Keywords: Virtualization, Performance modeling, Interference, Artificial neural network, Regression. 
 
 
 
1. Introduction 
 

This template provides authors with most of the 
formatting specifications needed for preparing their 
articles. Nowadays, data centers, as resource 
provider, leverage virtualization technology [1] to 
achieve excellent resource utilization, scalability and 
high availability, such as cloud computing. Cloud 
computing has achieved tremendous success in 
offering Infrastructure/Platform/Software as a 
Service, in an on demand fashion, to a large number 
of clients [2]. Virtualization enables high utilization 
of hardware resources by running multiple virtual 
machines (VMs) in a shared physical machine. Live 

migration and easy restart of VMs improve 
manageability of large datacenters. However, 
virtualization technology does not provide efficient 
performance isolation. Adverse performance 
interference may exist among applications in VMs 
running on the same physical machine. Moreover, 
live migration techniques are mostly based on the 
load balancing mechanism which do not take into 
account the effect of performance interference. 
Building models to accurately predict application 
performance interference among VMs at a level of 
given resource condition is essential in mitigating 
performance interference and effective resource 
management of data centers. 
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Virtualization technology is becoming 
increasingly popular in current data centers which 
allows single platform to run multiple operating 
systems at the same time, share physical resources 
and thus significantly enable high utilization of 
hardware resources. In this work, we focus on Xen 
virtualization which supports paravirtualization and 
hardware-assisted full virtualization. We study Xen 
paravirtualization based on VM environment where 
Xen VMM works as a hardware abstraction layer to 
guest operating systems with the modified kernels. In 
paravirtualization, the VMM is in charge of resource 
control and management, including CPU time 
scheduling, routing hardware interrupt events, 
allocating memory space, etc. In addition, a driver 
domain (domain0) that has the native drivers of host 
hardware performs the I/O operations on behalf of 
guest domains (domainU). For many operations, 
especially I/O operations, domainU needs to pass 
through domain0 device driver to apply for resources. 

To achieve feasible resource management in 
virtualized environments, we argue it needs to predict 
performance in two cases: the case when applications 
haven’t been assigned to VMs and the case when 
applications have been running in VMs. Performance 
models should predict application performance at 
given resource conditions. Based on the prediction 
results, the resource management architecture could 
choose appropriate VMs for applications before 
applications are deployed to VMs and make strategy 
for live migration after applications have been 
running in VMs. 

In this paper, we analyze the two cases that need 
performance prediction model. We focus on the 
second case when applications have been running in 
VMs and build performance interference prediction 
model for the second case to achieve feasible 
resource management. Before applications are 
deployed to VMs, performance model predict 
application performance at a given allocation level of 
partitionable resources and an observed competition 
level of non-partitionable resources. After 
applications have been running in VMs, performance 
model predict application performance depending on 
the resource consumption condition. Based on the 
prediction results, the resource management 
architecture could select the suitable VMs for 
applications for the first case and make strategy for 
application live migration for the second case. 
Considering the unique characteristics of the second 
case, we explore artificial neural network [5] (ANN) 
to build the performance interference prediction 
model for the case. 

 
 

2. Performance Model in Virtualized 
Environments 
 
Performance interference among applications can 

be perceived as changes in application performance 

which means we can predict application's 
performance (runtime or I/O throughput) to indicate 
the performance interference among applications. 
Our model is aimed to predict application 
performance according to resource consumption 
conditions when applications have been running in 
the VMs. Traditionally, applications can be divided 
into the following four types: CPU-intensive 
application, memory-intensive application,  
I/O-intensive application and mixed application. It is 
difficult to determine application’s type while most 
applications are mixed and it is also difficult to 
determine the extent of mixing. For example, an  
I/O-intensive application consumes a lot of CPU 
cycles, but it also sends large numbers of I/O 
requests, while it is difficult to determine the 
proportion of the CPU and I/O consumption. 
Performance models based on traditional application 
types would produce significantly large errors. In 
order to model application’s performance accurately, 
it needs to build performance models for all types of 
applications and that is too costly and complicated. 
Researchers in [2, 3] apply regression analysis [4] 
technology to build performance models for the case 
when applications have been running in VMs. 
However, previous studies show that general 
regression models are very difficult to accurately 
describe the complex nonlinear relationship of 
resource consumption and application performance. 
To solve this problem, we apply the ANN [5] to build 
performance prediction model for the case when 
applications have been running in VMs.  

 
 

2.1. Artificial Neural Network 
 
ANN is a kind of advanced non-linear statistical 

modeling tool based on biological neural networks 
similar to brain synaptic connection structure. At a 
high level, a neural network consists of cells and 
links. Cells are computational elements and they 
generate activation signals for other cells, while links 
connect any two cells and enable messages to flow 
between them. Each cell represents a particular 
output function, called the activation function. Each 
link is weighted and unidirectional and the weight is 
used as a multiplicative factor for the signal strength 
communicated. The output of the network depends 
on the network connection, the weight values and the 
heuristic function. The processing units in neural 
network are divided into three categories: input unit, 
output unit and hidden unit. The input unit receives 
the signal and data of the external world; output unit 
realize process of the system output result; hidden 
unit is between input and output unit, not be observed 
by the external. ANN provides capability to 
adaptively and efficiently model complex non-linear 
relationships between outputs and inputs. ANN has 
been widely used in many areas, and could also 
efficiently deal with the uncertainty in many fields 
such as prediction and detection [8-10]. 
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2.2. Performance Model Based on Artificial 
Neural Network 

 
Our performance model is constructed based on 

ANN to profile the application performance when 
applications are running against other applications. 
We construct the performance model based on the BP 
(Back Propagation) neural network. BP (Back 
Propagation) neural network, namely, is the learning 
process of the error back propagation algorithm 
consists of the information forward propagation 
process and the error back propagation process. As 
shown in Fig. 1, BP neural network includes input 
layer, hidden layer and output layer. Layer and layer 
are full connectively and neurons of each layer are 
connectionless. When the actual output is not 
incompatible with the expected output, the neural 
network enters the error back propagation stage. 
Errors go through the output layer according to the 
error gradient descent method to amend each layer’s 
weight and propagate to hidden layer and input layer 
reversely. This process keeps going with each layer’s 
weights being adjusted ceaselessly until the output 
error is reduced to an acceptable level or a 
predetermined number of learning is satisfied. 
 
 

 
 

Fig. 1. BP artificial neural network. 
 
 

We use the RPROP algorithm [11] for training the 
ANN within each step of the iterative model training 
procedure outlined earlier. The traditional BP 
algorithm learning rate is fixed and is easy to fall into 
local minima. RPROP algorithm is an improved local 
adaptive elastic algorithm which changes the learning 
speed of BP algorithm. Compared with BP algorithm, 
RPROP algorithm appropriately changes the learning 
rate to improve the training speed of the network, 
thus can not only reduce the computation, but also 
prevent the output from local minima. The weights 
associated with the neural network processing units 
are determined by the relationship between input and 
output. Considering the network model accuracy and 
network structure complexity, we choose the neural 
network with two layer hidden layers and each 
hidden layer has ten hidden units. As seven 
parameters are chosen for the performance model, 
there have seven input units in our ANN model 
which have only one output unit. Activation function 
defines the output of one or a group of nodes based 
on a set of input. Logarithmic, tangent function and 

linear function of sigmoid are common activation 
functions. We select the logarithmic function of 
sigmoid and linear function as the activation 
functions of hidden layer and output layer, 
respectively. The activation functions of hidden layer 
and output layer are defined as equation 1 and 
equation 2. 
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3. Resource Management Architecture 

Based on Performance Model 
 

We propose a kind of resource management 
architecture based on ANN performance prediction 
model in virtualized environments as shown in Fig. 2. 
The resource management architecture consists of 
two major components: 1) the ANN performance 
prediction architecture is responsible for monitoring 
the applications running in VMs on physical 
machines and making live migration strategy for 
VMs. 2) the Loading balance architecture interacts 
with other components and achieves load balancing 
function; Fig. 2 presents the resource management 
architecture and the interactions between different 
components. 

As Fig. 2 depicted, the resource management 
architecture consists of performance prediction 
module, live migration module and model training 
module. The performance prediction module infers 
application performance from the resource 
consumption condition observed from multiple VMs 
and provides the basic information for the live 
migration of VMs. The Live migration module makes 
live migration strategy for VMs based on the 
predicted results of the performance prediction 
module. The model training module collects 
application characteristics at the runtime and feeds to 
both the interference prediction module and live 
migration module. The Loading balance architecture 
is based on the loading balance algorithms which 
have gain significant improvement in prior studies 
under virtualized environments. As the limited space, 
we will not repeat them in this paper. 

As soon as tasks arrive, the performance 
modeling architecture keeps monitoring each VM 
running on each physical machine, enabling 
interference prediction module to predict the tasks 
performance running in VMs and making live 
migration strategy combined with load balancing 
information. The model training module keeps 
monitoring tasks running in VMs, collecting 
application characteristics and feeding to 
architectures. The two parts resource management 
architectures cooperate with each other and combine 
to achieve flexible resource management for 
virtualized environments. 
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Fig. 2. Resource management architecture. 
 
 

4. Parameter Selection 
 

Identifying an ideal set of performance-
influencing parameters is essential for building 
accurate performance prediction model. The 
parameters should efficiently capture application 
performance with high-accuracy and are yet 
application-independent, for example, the resource 
parameters such as CPU cycle, memory allocation 
and I/O channels. We choose system-level workload 
characteristics chosen by [3] as our model’s part 
parameters to capture VM behaviors that generate 
performance interference. These parameters can be 
measured via existing system tools (e.g., xentop and 
iostat) while the tasks are running in VMs. For 
example, Xentop is used to monitor and record the 
physical CPU utilization of each domain, iostat can 
be used in domain0 to monitor and record the 
resource utilization of physical storage devices. In 
addition, these characteristic parameters are 
independent of the underlying physical architecture 
which means it is benefit to facilitate cross-platform 
implementation of performance prediction model. 

For Xen virtualization technology, CPU 
consumption that each domainU consumes in 
domain0 (the global CPU utilization in the VMM) is 
also an important factor to affect application 
performance, especially for the application that needs 
for a large number of I/O operations. Intuitively, 
because all the requests from guest VMs are routed 
through domain0, it is crucial to properly account for 
the CPU consumption from the I/O handling tasks 
that are performed in domainU, as well as in domain0 
that acts on physical devices on behalf of domainU. 
If such I/O overheads on CPU utilization were 
ignored, the prediction models would produce 
significantly larger errors. Therefore, S-MODEL also 
takes the global CPU utilization in the VMM into 
account as an important parameter. S-MODEL 
parameters are shown in Table 1. Note that the cache 

hit and miss numbers can be gained from counters in 
the processor. 

 
 

Table 1. Parameters. 
 

Name Detailed Information 
Cpuutil CPU time used for a VM (wall-clock) 
Cachehits Cache hits per second 
Cachemisses Cache misses per second 
Blocks I/O blocks per second 
Read_issued Disk reads issued per second 
Write_issued Disk writes issued per second 
Gcpu Global CPU utilization in domain0 

 
 

5. Experiments 
 
5.1. Experimental Setup 
 

For our experiments, all evaluations and 
measurements are conducted on Lenovo machines 
with 3.20 GHz Pentium(R) Dual-core E5800 
processor, 4GB RAM running Xen-4.1.1 and Linux 
VMs. At any instant, domain0 could use one or more 
cores that were available. Guest machines (domainU) 
were restricted to use a single core with the choice of 
the specific core made at run-time by the VMM, a 
default Xen option. Each VM is allocated with a 
virtual CPU, 512 MB RAM and 100 G hard disk 
space. 

 
 

5.2. Benchmarks 
 

A large amount of data is needed as training data 
to train the model and determine coefficients. To 
achieve this, selecting appropriate benchmark 
applications as the source of training data is essential. 
We take the approach to select benchmarks according 
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to the type of utilized resources such as  
CPU-intensive applications, memory-intensive 
applications, I/O-intensive applications and mixed 
applications as shown in Table 2. These applications 
which chosen from [18-24] run as data source on 
behalf of general applications for training and testing 
models. In order to facilitate experiments, we mainly 
choose these mixed benchmarks used in [3]. 

 
 

Table 2. Benchmarks. 
 

Name Major Consumed Resource 
Analyzer Memory 
Bw_mem Memory 
Cp Disk 
Dd Disk 
Spinlock CPU 
Add_double CPU 
Gzip Mixed 
Povray Mixed 

 
 
Spinlock is a CPU intensive benchmark chosen 

from SysBench which consists of configurable 
number of events that compute prime numbers from 
1 to N (user-specified) and reports the average event 
handling time which we used as the performance 
metric. Add_double is a sub-benchmark program 
from the AIM benchmark suite that measures the 
performance of double precision adding operations. 
Analyzer is a benchmark program from the 
Freebench benchmark suite and its performance is 
limited by the memory subsystem. Bw_mem is a 
memory benchmark program included in the 
LMbench benchmark suite. Cp is a disk I/O intensive 
benchmark which models email systems, electronic 
news, and ecommerce systems and reports 
Transactions Per Second (TPS) as the performance 
metric. Dd is another disk I/O benchmark, providing 
varied read and write tests. Gzip is a benchmark that 
applies various data compressions to a data stream in 
a pipelined manner and writes an output file with the 
compressed data and is chosen from the Parsec 
benchmark suite. Note that we also choose Povray 
from Parsec which mines frequent item sets from 
input files as our testing benchmark to test our model 
accuracy. 
 
 
5.3. Model Training and Learning 
 

In this study, two VMs are created in a physical 
host, using the Xen hypervisor. Each VM domain 
(“VM1” and “VM2”, respectively) runs one of 
benchmark applications. Applications running in 
VM1 are the source of training data and applications 
running in VM2 generate various types of 
interference to applications running in VM1. Because 
the running time of each application varies, we 
ensure the applications running in VM2 stay active 
by restarting them if needed in domain2 while 

applications complete. We run benchmarks in a way 
that every benchmark runs both in VM1 and VM2, so 
as to construct a n n  matrix, containing all the 
possible combinations of measurement results. All 
possible combinations of applications are then used 
for benchmark runs and we also include the 
performance for each application without 
interference, that is, the application runs in one VM 
while the other VM is idle. We deploy the 
combinations to VM1 and VM2, manually, noting the 
corresponding parameters (workload characteristics 
and resource consumption parameters) and results 
when each combination completes. To avoid special 
circumstance and mistakes, we run each combination 
for three times. Partial of measured data are chosen 
as the initial training data set which may be 
subsequently refined. Additional part of data is 
chosen to populate the testing data set to test the 
accuracy of our models. Note that the data that 
freqmine runs in VM1 is only contained in testing 
data set so as to test the model’s ability to adapt 
uncertain conditions. 
 
 

5.4. Performance of Prediction Model 
 

Regression analysis is common modeling 
technique which has been used to predict application 
performance in [2, 3]. Three regression models are 
chosen as the baseline of evaluation: Regression-L, 
Regression-LQ and Regression-LI. We combine the 
characteristics of the three regression models and 
propose nonlinear model Regression-LM which can 
be denoted as equation (5). Some researchers prove 
that nonlinear regression model (noted as Regression-
L(square)) which is the square of Regression-L has 
good prediction performance. In this work, we 
choose Regression-L(denoted as equation (3)), 
Regression-L(square) (denoted as equation (4)) and 
Regression-LM as the baselines when evaluating our 
model. Regression-L is the linear model and the other 
three models belong to non-linear model. All the 
three models are trained and simulated in 
MATLAB7.0 which supplies powerful Regression 
toolbox and artificial neural network toolbox. 
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For evaluation, we present mean, median, and 

maximum prediction error values for all benchmarks 
we have in our experimental setup, where prediction 
error is calculated by |actual score – predicted score| 
÷ actual score. The mean, median and maximum 
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error values are valuable model accuracy indicators. 
In order to facilitate the analysis and comparison, we 
apply Regression-L, Regression-L(square), 
Regression-LM and ANN model to benchmarks so as 
to obtain predicted results. Then the predicted results 
are compared with the actual results to calculate the 
prediction errors. Error histogram can present error 
distribution on various applications, thus reflecting 

the performance of prediction models, and therefore 
we adopt histogram to present the mean, median and 
max prediction error distribution on various 
benchmarks with Regression-L, Regression-
L(square), Regression-LM and ANN model in Fig. 3, 
Fig. 4, Fig. 5 and Fig. 6. To compare conveniently 
and intuitively, we present mean values of prediction 
errors for each benchmark with four models in Fig. 7. 
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Fig. 3. Mean, median and max error of prediction 
performance with Regression-L. 

 

 
Fig. 4. Mean, median and max error of prediction 

performance with Regression-L(square). 
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Fig. 5. Mean, median and max error of prediction 
performance with Regression-LM. 

 
Fig. 6. Mean, median and max error of prediction 

performance with Model based on ANN. 
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Fig. 7. Median error of prediction performance with Regression-L, Regression-L(square)  
and Model based on ANN. 
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As shown in Fig. 3, Fig. 4, Fig. 5 and Fig. 6, for 
both benchmarks, ANN model has relatively good 
prediction performance with only 10 % of the 
maximum error which is better a lot than the three 
regression models especially better than the 23 % of 
Regression-L. Regression-L has higher prediction 
errors for the benchmarks with many random I/O 
operations (like Gzip) than those with mainly 
sequential I/O operations (like Cp). The bursty I/O 
patterns from the applications, which makes the 
linearity hard to hold in such cases, contribute to the 
differences between linear and non-linear models. 
For some benchmarks such as Povray and Gzip, the 
prediction errors of the regression models are much 
higher than ANN model. This phenomenon is more 
obvious when comparing the prediction errors of 
Regression-L and ANN model. In general, ANN 
model has nearly double accuracy compared to 
Regression-LM or more for Regression-L and 
Regression-L(square).  

Fig. 7 shows the average prediction errors of 
Regression-L, Regression-L(square), Regression-LM 
and ANN model. As Fig. 6 shows, ANN model has 
lower mean prediction errors than other regression 
models. For both models, ANN model’s prediction 
errors stay relatively stable across different 
benchmarks. The mean error values for ANN model 
indicate that it is able to adequately model the 
performance of all the benchmarks. When only 
focusing on the prediction error of the three 
regression models shown in Fig. 7, we find that 
Regression-LM gains better prediction accuracy than 
Regression-L(square) and Regression-L has even 
worse prediction accuracy than Regression-
L(square). 
 
 
6. Related Work 
 

Nowadays, there has been much research in 
virtualization and the performance model of VMs  
[1-3, 6, 7, 12-17]. Paper [1] presents the design and 
implementation of Xen3.0 and specifies that each I/O 
operation of VM needs the participation of VMM and 
device drivers domain (Driver Domain). Researcher 
in [12] study the network traffic interference in 
virtualized cloud environments and verify that 
multiple network I/O-sensitive applications 
coexisting on the same physical machine would cause 
serious performance interference among VM 
instances. 

Wood et al. [13] measure and use application 
characteristics to model the virtualization overheads 
of an application when it is moved from native to 
virtualized hardware. Gupta et al. [14] implement 
XenMon to monitor the CPU usage of each guest and 
device driver domain and passed the usage 
information to a hypervisor scheduler for fair 
scheduling between applications that use device 
driver domains and ones that do not. Govindan et al. 
[15] apply the models based on historical data to 
predict the number of I/O event of VM instance and 

select the VM with the most onerous I/O events in 
priority when scheduling. Jing Xu et al. [7] use fuzzy 
logic to model the nonlinear relationship between a 
virtualized Web server’s workload and its CPU 
usage. Kraft et al. [16] refer to conclusion of [6] and 
propose the method based on queuing network model 
and disk scheduling algorithm to predict disk IO 
response time when multiple guest VMs coexist. 
Researchers in [2] build performance models for 
data-intensive application using regression models 
and propose resource allocation algorithms for 
virtualized environments basing on performance 
model which is closely related to [17]. 

Our work is closely related to the ANN model 
build in [6], linear regression model build in [3] and 
non-linear regression model build in [2]. Researchers 
in [2] [3] build performance prediction models by 
regression technique which is turned out can not 
accurately profile the complex non-linear relationship 
between resource consumption and application 
performance. Researchers in [6] apply prediction 
models based on ANN to predict application 
performance before applications are assigned to 
VMs. Unlike their works, we develop prediction 
model by ANN to predict application performance 
based on the resource consumption condition when 
applications have been running in VMs in order to 
achieve flexible resource management in virtualized 
environments. Our model and the model proposed by 
[6] are two kinds of different models to solve 
different problems. To the best of our knowledge, 
this study is the first to pioneer the use of ANN for 
the problem considered. 
 
 
7. Conclusions 
 

Virtualization is becoming more and more 
popular in data centers for its excellent resource 
utilization, scalability and high availability, yet 
performance isolation technique of virtualization 
technology is not complete which result in 
performance interference among VMs on the same 
physical machine and has negative impact on overall 
applications performance. Application performance 
modeling for virtualized data centers is essential to 
mitigate performance interference and achieve 
flexible resource management. In this work, we focus 
on the performance prediction model for two cases 
that need to predict application performance in 
virtualized environments. Firstly, we analyze two 
cases in virtualized environments needing for 
performance prediction: the case when applications 
haven’t been assigned to VMs and the case when 
applications have been running in VMs. Based on the 
performance prediction model, we propose the 
resource management architecture. Then we build 
performance prediction model based on artificial 
neural network for the second case. At last, we 
evaluate the performance of our model and prove that 
our model has excellent accuracy for different types 
of applications. 
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We will further extend our research in the 
following aspects: On one aspect, we will apply 
techniques such as PCA (principal component 
analysis) to select important resource characteristic 
parameters and abandon parameters that have little or 
even negative effect to reduce the parameter 
dimension and computation. On the other aspect, we 
are ready to improve artificial neural network by 
combining fuzzy logic with artificial neural network. 
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Abstract: This paper presents the development of a remotely operated vehicle (ROV), designed to serve as a 
convenient, cost-effective platform for research and experimental validation of hardware, sensors and control 
algorithms. Both of the mechanical and control system design are introduced. The vehicle with a dimension  
0.65 m long, 0.45 m wide has been designed to have a frame structure for modification of mounted devices and 
thruster allocation. For control system, STM32 based MCU boards specially designed for this project, are used 
as core processing boards. And an open source, modular, flexible software is developed. Experiment results 
demonstrate the effectiveness of the test-bed. Copyright © 2013 IFSA. 
 
Keywords: ROV, Test-bed, Small-scale, STM32, uC/OS-II. 
 
 
 
1. Introduction 
 

A large portion of the earth’s surface is covered 
by the ocean. As the ocean attracts great attention on 
environmental issues and resources as well as 
scientific and military tasks, the need for and use of 
underwater vehicles has become more apparent [1-3]. 
Many underwater operations that were once carried 
out by divers can now be carried out more quickly, 
more efficiently and in a more repeatable fashion 
using underwater vehicles. Further, underwater 
vehicles are not subject to the biological and 
environmental limitations of humans and marine 
mammals, such as depth, cold water duration, warm 
water duration, currents, pollutants and viscosity of 
medium.  

Several unmanned underwater vehicles 
(UUVs) have been developed in our laboratory to 
satisfy various demands such as survey, science 
mission and nuclear inspection. A lot of research and 
experiments must be done on vehicle subsystems 
before the vehicle can act as a complete system. 
Independent components or modules can be 

developed and tested on another platform. At the 
same time it takes a lot of time and resources to do 
field test on large scale vehicles. Consequently a 
ROV test-bed is proposed. The goal is to enhance our 
ability to develop new underwater vehicles in the 
laboratory and rapidly test the components or 
modules. The design criteria of the vehicle were 
defined as follows: 
 Small and light enough to handle experiments 

easily with a few researchers; 
 Suited with typical on-board sensors; 
 The low level control of vehicle is carried out 

with microcontroller; 
 Easily re-programmed from outside; 
 The frame structure is adopted for modification of 

mounted devices. 
 
 

2. Vehicle Description 
 

HIPPO is an observation class ROV, originally 
designed as a small, smart, inexpensive test bed for 
research in underwater technology. It can well 
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perform normal inspection and observation tasks and 
can be transported, deployed, operated and recovered 
by a few researchers. Fig. 1 shows a photo of the 
developed vehicle. HIPPO has an overall length of 
0.65 m and weight 22 kg with a maximum depth 
rating 100 m. The robot is designed to be passively 
stable in roll and pitch [4]. Specifications of the 
vehicle are shown in Table 1. 
 
 

 
 

Fig. 1. A picture of the vehicle. 
 
 

Table 1. Specifications of the ROV. 
 

Parameter Specification 
Dimensions (650450300) mm 
Depth Rating 100 m 
Weight 22 kg 
Maximal Speed 1.5 knot 
Power Supply 220 VAC, 600 W 

Thrusters 
4 total, 2 horizontals  
and 2 verticals 

Sensors 

Digital Compass 
Angular Velocity Sensor 
Pressure Sensor (Depth 
Sensor) 

Video Cameras 1/4’Sony Exview CCD 

 Lighting 
2x800 lumen LED lights, 
variable intensity 

 
 
3. Mechanical Design 

 
Fig. 2 shows the schematic design of HIPPO. The 

frame structure is adopted for modification of 
mounted devices and thruster configuration. A 
pressure hull provides the essential buoyancy and the 
watertight compartment for on-board electronics and 
sensors. The pressure hull is AA6061-T6 aluminum, 
designed to dive 100 meters depth using following 
equation [5]. 
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Fig. 2. Schematic design of the vehicle. 
 
 

The parameter kP (=3 MPa, the safety factor is 3) is 

pressure of elastic bucking, E  (= 41093.6  ) is the 
Young’s coefficient,   (=0.33) is the Poisson’s ratio, 

t  is the thickness of hulls, l  is the length of pressure 
hulls, r  is obtained from equation (2), and R  is 
radius of hulls. The length of pressure hulls becomes 
0.42 m, the diameter 0.2 m and thickness 6.0 mm. 
Two caps are designed to complete the hull, and are 
attached to each end of the hull such that they 
reliably seal the hull. Sealing is achieved with 
commercially available o-rings. The front cap is 
designed as a fairing while the rear cap has six 
watertight connectors for electric connection. The 
caps also allow access to the interior for easy repair 
and maintenance in the field. 
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The propulsion system consists of four ducted 
propellers developed for this project. The propellers 
are driven by 24 VDC motors. Two horizontal 
thrusters are mounted aft of the vehicle to provide 
both forward and backward movement. Yaw is 
provided by operating the thrusters in opposite 
directions. Two vertical thrusters are mounted on left 
and right sides symmetrically of the vehicle. They 
make the vehicle’s motion in heave and roll possible. 
The general arrangement of the vehicle will be given 
later. 
 
 
4. Hardware Architecture 
 

The overall architecture of the ROV control 
system is illustrated in Fig. 3.  

 
 

 
 

Fig. 3. Overall architecture of ROV control system. 
 

External power supply for the whole system is 
220 VAC, which makes it easy to power up the 
vehicle. AC/DC adapters are used to obtain the 
required DC voltage. Video signal is transmitted 
directly to the surface monitor through coaxial cable. 
Two MCU boards are used to deal with data 
acquisition, information processing and output 
calculating. They communicate with each other 
through Controller Area Network (CAN). The MCU 
board based on STM32F103ZE microcontroller has  
8 12-bit ADC channels, 32 DIO channels, 8 PWM 
channels, 4 RS-232C interfaces and 1 CAN interface. 
It’s schematic is illustrated in Fig. 4.  
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Fig. 4. Schematic of the MCU board. 
 
 
The STM32 F1 is a series of mainstream MCUs 

covering the needs of a large variety of applications 
in the industrial, medical and consumer markets. 
High performance with first-class peripherals and 
low-power, low-voltage operation is paired with a 
high level of integration at accessible prices with a 
simple architecture and easy-to-use tools. The series 
consists of five product lines which are pin-to-pin, 
peripheral and software compatible. STM32F103ZE 
is a high-density performance line ARM-based 32-bit 
MCU with 256 to 512 KB Flash, USB, CAN,  
11 timers, 3 ADCs, 13 communication interfaces. It 
works at 3.3 VDC, 72 MHz (maximum main 
frequency). The CTM1050 is a high speed (up to  
1 Mbaud) CAN transceiver compatible with 3.3 V 
and 5 V devices. The device provides differential 
transmit capability to the bus and differential receive 
capability to the CAN controller, at least 110 nodes 
can be connected. It has 2500 V isolation voltage 
from pins 1-4 to 5-8 and allows for easy application 
by customer without external components.  
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4.1. Underwater System 
 
Fig. 5 shows the arrangement of mounted devices. 

They are installed in the pressure hull. The motion 
sensors include a digital compass, an angular velocity 
sensor and a pressure sensor. Digital compass, 
LP3200, is mainly used for measuring heading. It can 
provide accurate heading (0.1º) measurement over a 
0-360° tilt range. Its working voltage is 5 VDC, 
sampling frequency is 12 Hz, and a RS232 serial data 
port is used for connection to the MCU board. The 
angular velocity sensor, IDG300, produced by 
InvenSense, obtains angular velocity of roll and yaw, 
with 5 VDC power supply, 140 Hz update rate, ±500° 
sensitivity, 0-5 V analog output. With a range of 0-
500 KPa, a working voltage of 18-26 VDC, the 
pressure sensor can output 4-20 mA current signal. 
All these sensor data are acquired by the underwater 
MCU. 
 
 

 
 
1-CCD camera; 2-DC-DC; 3-Angular velocity sensor; 4- 
DC motor driver; 5-Power distribution board; 6-Watertight 
connector; 7-Depth sensor; 8-Digital compass; 9-MCU 
board; 10-Servo motor. 
 

Fig. 5. Underwater system. 
 
 

One CCD camera is attached to a servo motor, 
allowing it to rotate in vertical plane. The camera is 
focused through RS232-C interface by MCU board. 
It can provide a good vision of underwater 
environment for the operator. LED lamps and 
thrusters specially designed for this project are 
attached to the vehicle frame as shown in Fig. 1. 
They are all driven by PWM signal at 10 kHz. The 
maximum output of a thruster is 30 W with a supply 
voltage of 24 V. Each DC motor driver has 2 PWM 
channels with total output power of 300 W. All of 
these actuators update their status and action 
according to surface commands. 
 
 
4.2. Surface Control Unit 

 
The SCU is responsible for operation of the whole 

system as shown in Fig. 6. Sensor data and 
underwater images are displayed on it in real time. 

Control commands are generated by joysticks and 
press buttons. Several buttons are spare for additions. 
A neutral tether connects SCU to the vehicle while 
providing data, video and power link between them.  
 
 

 
 
1-Video monitor; 2-Video output; 3-LCD monitor; 4-LED 
tune; 5-Joystick(Vertical); 6-Press buttons; 7-Neutral 
tether; 8-Joystick(Horizontal); 9-Spare; 10-Power switch. 
 

Fig. 6. Surface control unit. 
 
 
5. Software Architecture 
 

The software architecture has a modular, flexible 
structure for any modification or additions [6]. With 
the open architecture, it is possible to use any 
vendor’s hardware. Each module can be controlled 
with minimum interface with others. Thus, almost all 
of the software modules can be easily rebuilt or 
replaced for upgrading or testing like hardware 
components. Each module follows its own 
specification to maintain the specific 
software/control architecture. The software 
architecture consists of three layers, device layer, 
user layer and application layer, as shown in Fig. 7. 
 
 

Hardware

Bsp

Real-time Operating System

System Configuration Module

Functional Modules Application Layer

User Layer

Device Layer

 
 

Fig. 7. Hierarchical control architecture for software. 
 
 

The device layer is the only hardware dependent 
part. The board support package (BSP) implements 
specific support code for a given board that conforms 
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to a given operating system. It is commonly built 
with a bootloader that contains the minimal device 
support to load the operating system and device 
drivers for all the devices on the board. 

The user layer consists of a real-time operating 
system and a system configuration module. The main 
role of a system configuration module is providing a 
hardware independent interface for the application 
layer. A block diagram of the system configuration 
module is shown in Fig. 8. MainEntry is the entrance 
of the whole program. TargetInit finishes 
configuration of hardware resources such as DIO, 
ADC, CAN etc. ParaInit sets initial value of global 
variables used for data sharing between tasks. 
UsrTaskInit creats user tasks. WDInit sets software 
watchdog on. 

 
 

mainEntry()

TargetInit

ParaInit

UsrTaskInit

WDInit  
 
Fig. 8. Block diagram of the system configuration module. 
 
 

The application layer is user-oriented and can be 
transplanted to other control systems without 
modification. It has no relation with hardware and 
operating system. The actual functional modules 
such as sensor data sampling, equipment control, 
actuator control etc. are embedded in different tasks 
of the application layer. The functional modules are 
different with respect to the specific application. 
For implementation of the software architecture, 
uC/OS-II real-time operating system is embedded in 
the STM32 MCU. uC/OS-II is a portable, ROMable, 
scalable, preemptive, real-time deterministic 
multitasking kernel for microprocessors, 
microcontrollers and DSPs. Offering unprecedented 
ease-of-use, uC/OS-II is delivered with complete  
100 % ANSI C source code and in-depth 
documentation [7]. Due to the consistency of 
hardware, the surface system and underwater system 
have the same device layer. Although there exist 
some differences according to actual resources 
utilized in each sub system, they have a similar user 
layer of the architecture as shown in Fig. 8. The 
differences in application layer between surface 
system and underwater system are evident. Fig. 9 
shows the detailed task diagram of each sub system. 

There are five tasks for underwater software and 
three for surface. The Communication task 
implements communication protocol and exchange 
data between surface and underwater. The Vehicle 

Operation task updates user operation and generates 
control commands. The Sensor Sampling task carries 
out sensor data acquisition. Control strategy is 
introduced in the Motion Control task. Decisions are 
made based on the sensor data, the given command 
and information stored in the database. Other devices 
such as lights, camera etc. are operated in the 
Peripheral Control task. The Reserved task is null for 
additions. This architecture is excellent in 
controllability, flexibility and stability. 

 
 

Vehicle Operation
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Motion Control
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Fig. 9. Detailed task diagram (number in the block  
means priority). 

 
 
6. Communication Protocol and Control 

Strategy 
 
6.1. Communication Protocol 
 

The surface system and underwater system 
communicate with each other through CAN bus. 
CAN implementations are designed according to 
BOSCH CAN specification 2.0. Herein standard 
message format is used and the baud rate is set to  
500 bps. The communication data from surface 
system to underwater system is shown in Table 2.  

In case of transmission ‘0x23 0x00 0xF0 0x09 
0x94 0x00 0x00 0xB0’, the sum of byte 1 to byte 7 is 
0x1B0, therefore byte 8 is 0xB0.  

The communication data from underwater system 
to surface is shown is Table 3.  

The sensor data are converted into signed integer 
form by multiplying a coefficient and expressed 
using complement. In case of compass data 
transmission ‘273.5, -3.6, 18.4’, we first multiply the 
data by 10. 

2735, -36, 184 
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Table 2. Data format from surface to underwater. 
 

Format Byte Description 
1 0x23(format id) 
2 Operation mode 
3 Surge control 
4 Yaw control 
5 Heave control 
6 Pitch control 
7 NULL 

1 

8 check sum from byte1 to byte7 
1 0x24(format id) 
2 Camera control 
3 Pan&titl control 
4 Lamp switch 
5 Lamp tune 
6 NULL 
7 NULL 

2 

8 Check sum from byte1 to byte7  

Table 3. Data format from underwater to surface. 
 

Format Byte Description 
1 0x3C(format id) 
2 Head(low) 
3 Head(high) 
4 Pitch(low) 
5 Pitch(high) 
6 Roll(low) 
7 Roll(high) 

1 

8 Check sum from byte1 to byte7 
1 0x3E(format id) 
2 Depth(low) 
3 Depth(high) 
4 Angular velocity x-axis(low) 
5 Angular velocity x-axis(high) 
6 Angular velocity z-axis(low) 
7 Angular velocity z-axis(high) 

2 

8 check sum from byte1 to byte7  
 
 

Their complements are 
 

0x0AAF, 0xFFDC, 0x00B8 
 

Then 
 

Head (high)=0x0A Head (low)=0xAF 
Pitch (high)=0xFF Pitch (low)=0xDC 
Roll (high)=0x00 Roll (low)=0xB8 

 
Finally the data format of compass is  
 
0x3C 0xAF 0x0A 0xDC 0xFF 0xB8 0x00 0x88 

 
 
6.2. Control Strategy 
 

The controller is the vehicle’s brain and controls 
the vehicle's movements. Various advanced 
underwater vehicle control system have been 
proposed in the literature, such as sliding control [8], 
learning control [9] and adaptive control [10]. For the 
initial stage, we concentrate on reliability and 
effectiveness of the vehicle. Therefore the study 
about controllers design has been focused on the low 
level controllers design.  

Classic PID approach is adopted for autopilot 
design and Ziegler-Nichols tuning rules are used to 
produce good values for the PID parameters [11, 12]. 
Because existing sensors can’t measure velocity of 

heave, only PI controller is available for depth 
control. Fig. 10 shows the block diagram for the PID 
controller.  

Here  denotes the position and orientation 
vector with coordinates in the earth fixed frame,   
denotes the linear and angular velocity vector with 
coordinates in the body-fixed frame and   is used to 
describe the forces and moments acting on the 
vehicle in the body-fixed frame. u  is the vector of 
control inputs. mV  is motor input voltage. The 

subscript d denotes the desired value. A simplified 
relationship between u  and   can be expressed 
through the linear mapping: 

 
Bu   

 
B is a matrix known as the Thruster Control 

Matrix (TCM). Hippo has the following TCM: 
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where il  is the moment arms. 

 

 
 

Fig. 10. Block diagram for the PID controller. 
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The dynamical model of underwater ROVs in 
body-fixed frame can be derived as shown in the 
following equation. The lengthy derivation procedure 
is omitted but more details can be found in [13]. It 
should be noted that we employed the simplified 
model without consideration of DOF of pitch and 
sway, as the thruster configuration don't allow for 6 
DOF. 

 

        gDCM  , (3) 

 

  J  , (4) 

 
where M is the inertia matrix including added mass; 
C  is the matrix of Coriolis and Centrifugal terms 
including added mass; D  is the hydrodynamic 

damping matrix;  J  is a transformation matrix 

and the kinematic transformation (4) relates the body-
fixed velocities to the time derivative of the positions 

in the local geographical frame;  g  denotes the 

vector of gravitational and buoyant forces and 
moments. 
 
 
7. Experiment 

 
To verify the performance of this control system 

experiments were conducted in a tank as shown in 
Fig. 11. Located in Institute of Underwater 
Engineering, East Jiangchuan Road, China, the tank 
has a size of 4m (length) by 2m (width) by 3m 
(maximum depth). 
 
 

 
 

Fig. 11. A picture of tank test. 
 
 

Fig. 12 shows the auto-heading result where the 
desired heading angle was set to 75 degree. The auto-
depth experimental data was plotted in Fig. 13 where 
the target depth was 2.5 m. 
 
 

8. Conclusion 
 
In this paper a ROV test-bed has been developed. 

Experiments have been carried out to verify the 

effectiveness of the whole system. Future work will 
be focused on improvement of the vehicle. Another 
two thrusters will be mounted to make the vehicle 
motion in all six degree of freedom possible. A 
compact PC motherboard will replace the surface 
MCU board and a graphical user interface (GUI) will 
be developed. High performance STM32F4 series 
MCU will be adopted for MCU boards. Finally it is 
hope that this will form a basic platform that can be 
easily transplanted to other small-scale vehicles  
[14, 15]. 
 
 

 
 

Fig. 12. Auto-heading in tank test. 
 
 

 
 

Fig. 13. Auto-depth in tank test. 
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Abstract: The wireless sensor network is used to simulate poisonous gas generating system in the Fire-Fighting 
Simulated Training System. In the paper, we use the wireless signal to simulate the poisonous gas source and 
use received signal strength indicator (RSSI) to simulate the distance between the fireman and the gas source. 
The gas detection instrument samples the temperature and sphygmus of the trainee and uses the wireless signal 
as poisonous gas signal. When the trainee enters into the poisonous gas area, the gas detection instrument warns 
with sound and light and sends the type, density value, the location of the poisonous gas and vital signs of the 
trainee to host. The paper discusses the software and hardware design of the gas detection instrument. The 
system has been used to the several of Fire-Fighting training systems. Copyright © 2013 IFSA. 
 
Keywords: Wireless sensor network, Fire-fighting simulated training system, RSSI, Gas detection instrument. 
 
 
 
1. Introduction  
 

Along with the rapid development of economy, 
the new energy, new materials and new products are 
required in large numbers. At the same time high-rise 
building fires, chemical explosion, subway fire and 
the others special circumstances fire occurred 
frequently. The fire army, responsible for dealing 
with fire, unexpected disasters and other burst 
characteristics disasters, faces with the problem how 
to do well with the relief work. In order to reduce 
casualties and property loss and improve the success 
rate of dealing with special fires and other disasters, 
it is necessary to strengthen the construction of fire 
control team and improve the equipment 
construction. In addition, it is the most important to 

strengthen the training center, improve training 
simulation facilities and promote the training means. 
Therefore, it is necessary to take advantage of fire 
training system to realize the simulation of real fire 
environment [1-4]. 

Generally, there are two kinds of fire training 
systems, namely the virtual system and the 
simulation system. The virtual system takes 
advantage of computer graphics and virtual reality 
technology to realize the 3D representation of the fire 
scene in the computer [2, 3]. For example, virtual 
reality modeling language is used to model and 
combine with the actual building and construct a 
realistic training scene. Therefore trainees can 
interact with the scene. This training means made the 
recruit to overcome the psychological barrier, but this 
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method is different from the actual fire scene. For 
example, the fireman deals with the fires in 
movement, facing with all kinds of the poisonous 
gas. This method don’t simulate the fire scene 
overall. The simulation system, a real simulation of 
the fire scene, provides a more personal feeling 
closed to the fire scene to trainees [4]. Therefore, 
trainees are able to be familiar with the fire scene and 
realize adaptation of psychological aspect and 
perception. 

The simulated indoor training system for fire-
fighters has been used practically at present [4]. But 
in practical simulated training system, the real 
poisonous gas isn’t used due to safety. It is important 
to design the simulated poisonous gas system and use 
it in the simulated training system. The training 
system can’t simulate the poisonous gas at present. 
According to the requirement of the fire simulated 
training system, this paper proposed the method to 
simulate poisonous gas. 

According to the technology requirement of the 
fire training system, the simulated system has to 
realize several functions. Firstly, it is necessary to 
simulate the poisonous gas and test the gas treatment 
response of the fire-fighter. The scope of poisonous 
gas has to be considered to make sure that when the 
fireman enters into a certain area, the system can 
warn with sound and light. Secondly, in order to 
realize the test of the response of the fire-fighter, the 
fire-fighter’s identity has to be accessed 
automatically. Finally realizes the on-line monitor of 
the fire-fighter’s vital signs that includes the 
sphygmus measurement and the temperature 
detection. Therefore, the design can prevent any 
unexpected circumstances and other dangerous 
situations from appearing during the training. 

Wireless sensor network (WSN) technology has 
been used for fire-fighting rescue and mine rescue  
[5-11]. The paper selects the Wireless sensor network 
to simulate the poisonous gas producing. The system 
is composed of the gas detection instrument, the 
poisonous gas generator, gateway and the software of 
command management. 

The paper uses the wireless signal to simulate the 
poisonous gas source and use received signal strength 
indicator (RSSI) to simulate the distance between the 
fireman and the gas source. The poisonous gas 
generator sends the wireless signal data packet that 
includes ID, warning density value and type of the 
source poisonous gas and simulates the poisonous gas 
circumstances. The gas detection instrument that has 
individual ID detects the wireless signal, receives the 
data of the poisonous gas source, samples the 
temperature and sphygmus of the trainee and sends 
the poisonous gas and vital signs to the host by the 
gateway [12, 13]. The gas detection instrument 
detects the RSSI of the wireless signal and judge if 
the trainee enters into the poisonous gas area. The 
RSSI value varies inversely as the square of the 
distance [14-17]. The poisonous gas generator sets up 
the threshold value of the poisonous gas. It expresses 
that the trainee enters into the poisonous gas area 

when the RSSI value that is detected by the gas 
detection instrument is higher than the setting value. 
But the consistent function relation between RSSI 
and the distance is difficult to obtain due to different 
environments. The value of the relation between 
RSSI and the distance is set up dynamically by 
gateway according to the actual circumstance. The 
sphygmus and the body temperature are collected by 
the wrist sensor that is connected to the poisonous 
gas detection instrument. With small LCD, the 
poisonous gas detection instrument shows the 
poisonous gas information. It also contains several 
function buttons. The poisonous gas detection 
instrument is mobile node and is installed into the 
trainer. 

The gas detection instrument is kernel instrument 
in the system. The paper discusses the design of the 
poisonous gas detection instrument. 

 
 

2. The Hardware Design of the Gas 
Detection Instrument 
 
The hardware of the instrument is composed of 

the power supply circuit, LCD display circuit, the 
sound and light warning circuit, key circuit, detecting 
temperature circuit, detecting sphygmus circuit and 
main control circuit. Its circuit is shown in Fig. 1. 

 
 

 
 

Fig. 1. The hardware diagram of the instrument. 
 
 
2.1. The Power Supply Circuit 
 

The supply voltage of the instrument is 3.3 V. 
Four 7# charge batteries is serially linked to produce 
5 V. A low power positive-voltage regulator 
(AS1117) is selected to transfer 5 V into 3.3 V. Its 
circuit is shown as Fig. 2. 

 
 

2.2. Main Control Circuit 
 

The main control circuit completes the control 
function. It includes the detecting poisonous gas, ID 
identity system, the detecting temperature and 
sphygmus, management and maintenance. The 
CC2430 is selected as the core CPU. It is a true 
System-on-Chip (SoC) solution specifically tailored 
for IEEE 802.15.4 and ZigBee™ applications. It 
enables ZigBee™ nodes to be built with very low 
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total costs. The CC2430 combines the excellent 
performance of the leading CC2420 RF transceiver 
with an industry-standard enhanced 8051 MCU, 
32/64/128 KB flash memory, 8 KB RAM and many 
other powerful features. In this paper, RF transceiver 
is used to complete to detect poisonous gas and ID 
identity functions, the enhanced 8051 MCU is used to 
complete detecting temperature and sphygmus and 
management and maintenance. 
 
 

 
 

Fig. 2. The circuit of the power supply. 
 
 
2.3. LCD Display and Sound and Light 

Warning Circuit 
 

LCD displays the ID, temperature and sphygmus 
of the trainer, the type and density and location of 
poisonous gas when the trainee enters into the 
poisonous gas area.  

LED and Buzzer form the sound and light 
warning circuit. When the trainee enters into the 
poisonous gas area, the LED is lighted on and buzzer 
warns. The sound and light warning circuit is shown 
as Fig. 3. 

 
 

 
 

Fig. 3. Warning circuit. 
 
 

2.4. Key Input Circuit 
 
The key input circuit consists of three keys. They 

are defined as Setup key, Add key, Enter key. The 
key input circuit is used to set up the ID of system 
and change the displaying interface. When the trainee 

enters into the poisonous gas location, the trainee 
presses the Enter key and expresses to detect the 
poison gas message. The circuit is shown as Fig. 4. 

 
 

 
 

Fig. 4. The key circuit. 
 
 

2.5. Detecting Temperature and Sphymgus 
Circuit 

 
The circuit is used to detect the temperature and 

sphygmus of trainee.  
The DS18B20 is used to detect the temperature. 

The DS18B20 communicates over a 1-Wire bus for 
communication with a central microprocessor.  

The sphygmus sensor is used to detect the 
sphygmus of trainer. This type of sensor is specially 
used to detect the moving people and its output 
doesn’t be disturbed by the movement. When the 
heart beats once, the output of the sensor produces 
the pulse signal. The number of sphygmus is 
computed by detecting the time between the twice 
pulse signal. 

 
 

3. The Software Design of the Gas 
Detection Instrument  
 

The software design of the instrument 
accomplishes the all function of system. Its diagram 
is shown as Fig. 5. 

 
 

3.1. Initialization  
 
Initialization accomplishes the clock 

initialization, I/O initialization, timer initialization, 
configure initialization, LCD initialization and ADC 
initialization. Its diagram is shown as Fig. 6. 

1. The CC2430 has one internal system clock. 
The source for the system clock can be either a  
16 MHz high-frequency RC oscillator or a 32 MHz 
crystal oscillator. Clock control is performed using 
the CLKCON SFR register described. In RF function, 
a 32 MHz crystal oscillator need be selected. In the 
clock initialization, a 32 MHz crystal oscillator is 
configured to use. 



Sensors & Transducers, Vol. 153, Issue 6, June 2013, pp. 53-59 

 56 

 
 

Fig. 5. The software diagram of the instrument. 
 
 

 
 

Fig. 6. The diagram of initialization. 
 
 
2. In the I/O initialization, the using port is 

configured as input or output or peripheral I/O.  
3. In this paper, the value of temperature is 

sampled per one second. The timer1 is used to 
accomplish 1 second timing.  

4. In the configure initialization, read the 
configured value from the EEPROM and set up the 
ID of instrument, Max/Minimum warning 
temperature value and Max/Minimum warning 
sphygmus value. 

5. LCD initialization accomplishes the LCD 
register configure. 

6. In the ADC initialization, configure the VDD/3 
as the ADC input. 

 
 

3.2. Read the Voltage of Power Supply 
 
The charge batteries supply the power for the 

instrument, so the voltage of batteries need be 
sampled. In CC2430, its ADC can also be input with 

a voltage corresponding to VCC/3. This input allows 
the implementation of a battery monitor. Its diagram 
is shown as Fig. 7. 
 

 

 
 

Fig. 7. The diagram of read the voltage of power supply  
 
 
In this part, the value of trainee’s temperature and 

sphygmus is read. DS18B20 is selected as the 
temperature sensor. The sample routine is referred as 
DS18B20 datasheet and its diagram is shown  
as Fig. 8. 

 
 

 
Fig. 8. The diagram of read temperature. 

 
 
The value of sphygmus is obtained by computing 

the time between the twice pulse. Its value is filtered. 
Its value is shown as formula 1.  
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where C  is the value of sphygmus, the )(iC  

expresses the last ten times value. 
 
 
3.4. Scanning Key Routine 
 

Scanning key routine scans the key and sets up 
the state of system. The system has three states. 
These states display the normal show, ID configure 
show and the RSSI value show separately. The state 
is transferred to press the different combination key. 
Its diagram is Fig. 9. The instrument is normal state 
after power on. When Pressing the Setup key + Add 
key + Setup key successively, the instrument is 
transferred to ID configure state. In the state, press 
Add key to add the ID of instrument and press Setup 
key to set up ID of instrument and enter into normal 
state. In the normal state, press the Setup key + Enter 
key + Setup key successively, the instrument is 
transferred to the state of displaying RSSI value. In 
ideal circumstances, the signal received power varies 
inversely as the square of the distance. But normally, 
the consistent function relation between RSSI and the 
distance is difficult to get due to different 
environments. The dynamic setting depends on the 
actual circumstance. In the state, the RSSI value of 
poisonous gas generator is displayed. 
 
 

 
 

Fig. 9. The key state diagram. 
 
 

When the trainee enters into the poisonous gas 
location, pressing the Enter key expresses that the 
trainee has entered into the gas area. 
 
 
3.5. Display Routine 
 

Display routine displays temperature and 
sphygmus of trainee, the type, density and location of 
poisonous gas when the trainee enters into the 
poisonous gas area in the normal state and displays 
the ID setup interface in the setup ID state and 

displays the RSSI value of poisonous gas producing 
instrument. 
 
 
3.6. Detect the Poisonous Gas State Machine 
 

The part is core of software and accomplishes the 
poisonous gas detecting and communicates with 
gateway. Its state diagram is shown as Fig. 10. The 
state machine is composed of four states, namely 
receive signal state, receive data judge state, send 
data state and gas detecting state. The four states are 
discussed. 

 
 

 
 

Fig. 10. The state diagram of detecting the poisonous gas 
state machine. 

 
1. Receive signal state. In this state, it is ready to 

receive wireless signal (namely poisonous gas 
signal). The wireless signal of CC2430 realizes by 
the DMA mode. Its processing is composed of setup 
waiting state, setup destination address, setup DMA 
length, setup DMA channel, setup Radio control state 
machine and turn on receiving interrupt. After this, it 
waits for receiving. When receiving the wireless 
signal, it transfers to receive data judge state. 

2. Receive data judge state. Firstly, the source 
address of the wireless signal is read. If the address is 
from the poisonous gas generator, the state machine 
is transferred to Gas detecting state. If the address is 
from the gateway, the state machine is transferred to 
Send data state. 

3. Gas detecting state. In the state, the instrument 
receives the signal from the poisonous gas generator. 
The format of signal is shown as Table 1. If the value 
of RSSI of wireless signal from the poisonous gas 
producing instrument is greater than the RSSI 
threshold (see Table 1), the instrument enters into the 
poisonous gas location. If the trainee enters firstly, 
the device warns with sound and light, displaying the 
type, density, location of poisonous gas on the LCD. 
At this time, pressing the enter key, the buzzer is turn 
off and LED is still lighten on. Its diagram is shown 
as Fig. 11. 
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Table 1. The format of the poisonous gas signal. 
 

Content Length (byte) 
0x12 1 
Gas type 1 
Gas density 4 (float) 
RSSI threshold 1 
Gas location 1 

 
 

4. Send data state. In this state, the instrument 
transmits its state message to gateway. The format of 
message is shown as Table 2. The send process of 
data is composed of setting up destination address, 
setting up the data length, setting up Radio control 
state machine and turning on transmit interrupt. 
 
 

 
 

Fig. 11. The diagram of detecting the poisonous gas. 
 

 
Table 2. Format of message of instrument. 

 
Content Length (byte) 

0x22 1 
Value of Sphygmus 1 
Value of temperature 4 (float) 
Voltage value of power 1 
Gas type 1 
Gas location 1 
Gas density 4 (float) 
Warning message 1 

 
 

4. Conclusion 
 

By debugging, the instrument accomplished to 
detect temperature and sphygmus of trainee and 

simulate the poisonous gas. When the trainer enters 
into the poisonous gas area, the instrument warns 
with sound and light and sends the type, density 
value, the location of the poisonous gas and vital 
signs of the trainer to host. The system was used to 
the several of fire training systems. 

In contrast with the others training system, the 
system, using the WSN to simulate poisonous gas 
and monitor the vital signs of the trainer, solved the 
problem of the simulating the poisonous gas and 
made the simulated system more similar to the real 
environment. 

We found the entering the poisonous gas area 
isn’t accurate due to the relation of the RSSI and 
distance. It is the problem to research in the future. 
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Abstract: Transformation equipment conditional monitoring technology is the key technology of intelligent 
substation construction, and it is also one of the core content of intelligent substation construction. Guangxi 
power grid has constructed a sensor network based variable and integrated electrical equipment on-line 
monitoring and evaluation platform. In the platform, through the equipment fault diagnosis and risk assessment, 
management personnel can perform equipment unit integrated state analysis and diagnosis. By this way, failure 
of equipment can be forecasted and fixed. However, since the reasons of equipment faults are complexity and 
are caused by diverse facets, some complex faults are difficult to be accurately diagnosed with information 
system only. Therefore, it earnestly requires the support of external human experts. External experts are living in 
different places of our country and even around the world, they have high professional knowledge and academic 
authority in the field of equipment running and management. For the actual need of Guangxi power grid, we 
developed a remote fault diagnosis system for transformation equipment in Guangxi Power Grid. In the system, 
experts can access Guangxi power grid’s information of fault equipment quickly and conveniently. Moreover, 
the experts can keep close communication with Guangxi power grid’s equipment management personnel. The 
system is in accordance with the advanced, practical, safe, reliable and extensible telecommunications standard 
for system planning and design. By running the system in Guangxi power grid for nearly a year, the 
performance of the system is proved to be good and the operation effect is good too. The system effectively 
improves the level of substation’s equipment management and the efficiency of fault treatment. 
Copyright © 2013 IFSA. 
 
Keywords: Remote fault diagnosis, Transformation equipment, Conditional monitoring, Sensor network, Video 
conference. 
 
 
 
1. Introduction 
 

Transformation equipment condition monitoring 
and evaluation system [1] is an important content of 
the construction of Intelligent electric grid, it includes 
various advanced sensor technologies, digital 

technologies, embedded computer technologies, 
communication technologies, distributed online 
monitoring technologies, fault diagnosis and 
prediction technologies for the realization of all types 
of power equipment’s operation state real time 
perception, monitoring, analysis, prediction and fault 
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diagnosis [2,3,4]. Transformation equipment 
condition monitoring technology is a key technology 
of intelligent substation construction, and is one of 
the core content of intelligent substation construction. 

Guangxi power grid has constructed a variable 
electrical equipment on-line monitoring and 
evaluation platform, which can unify the data 
processing, transmission and access methods of 
substation equipment condition monitoring system, 
and access existing on-line monitoring data of 
Guangxi power grid, to access the new pilot 
transformers (oil chromatogram and micro water, 
partial discharge, insulation casing, condition 
monitoring information, cooling unit, switch with 
load monitoring) [5, 6, 7], circuit Breakers (partial 
discharge, density of micro water, action 
characteristic) [8, 9], GIS (partial discharge) [10], 
capacitive equipments (dielectric loss and 
capacitance) [11], etc. The platform make use of the 
offline detection data and the data of equipment 
operation and maintenance (which are in the 
production MIS and technical supervision system of 
Guangxi power grid), and it uses artificial 
intelligence method for equipment fault diagnosis 
and condition and risk assessment, finally achieve the 
equipment unit integrated state analysis and diagnosis. 
By this way, early-warning of equipments’ failures is 
achieved, and comprehensive monitoring and 
operation management of substation equipments in 
the whole gird is realized. Moreover, monitoring data 
can be shown two-dimensional and three-dimensional 
model. 

However, because of the complexity and diversity 
of the cause of the equipment fault, it is difficult to 
accurately diagnose some complex faults only 
depend on information system. Therefore, we 
earnestly require external expert’s support. External 
experts often live in different places of our country 
and even around the world, and they have large 
amount of professional knowledge and their 
academic authority is high. In order to ensure they 
can conveniently and quickly access Guangxi power 
grid’s fault equipment information, and maintain 
close communication exchange with the Guangxi 
power grid’s equipment management personnel at the 
same time, there must be a high quality video and 
data exchange platform. 

For the actual need of Guangxi power grid, we 
developed a transformation equipment remote fault 
diagnosis system based on video conference in 
Guangxi power grid. The system seamless integrates 
with the existing substation equipment integrated on-
line monitoring and evaluation platform of Guangxi 
power grid, and it can create virtual venues for the 
experts that distribute in multiple locations. The 
experts can enter the venue by internet. The system 
can provide remote video diagnosis of experts to 
solve the problem of equipment fault. For the system, 
it has a lot of useful functions, such as equipment 
failure remote video diagnosis with many dialect 
video interactive, electronic whiteboards, dynamic 
PPT, file sharing, collaborative browsing, media 

player, desktop sharing, text communication, file 
transfer, conference record, the control and 
management, entry mode selection, bandwidth 
adaptation, server backup and extended services 
support, etc. 

 
 

2. Sensor Network and Video Conference 
Technology 

 
2.1. Sensor Network 
 

Sensor network is composed of large amount of 
sensor nodes that are distributed among a large field. 
The nodes work with cooperation to monitor some 
objects’ conditions, such as temperature, sound, etc. 
In each node, there are one or more sensors and has a 
radio receiver and a sender. Through the receiver and 
the sender, the node can receive or send data from or 
to other nodes. Each node has a tiny battery with 
limited energy, so the node will turn into sleep mode 
when it does not work to conserve its energy. 
 
 
2.2. Video Conference Technology 
 

Video conference technology is using some 
devices such as television, computer and telephone, 
etc., to enable multiple users to communicate with 
each other in different places. Users’ sound and 
image are transmitted by Internet with real time. In 
the conference, users can discuss “face by face”, and 
they can share their picture, file and data with each 
other. Therefore, the video conference can substitute 
the traditional conference. 

 
 

3. General Structure of the System 
 

Transformation equipment remote fault diagnosis 
system based on video conference is embedded in the 
Guangxi power grid’s substation equipment 
integrated on-line monitoring and evaluation platform. 
Remote experts in different geographical locations 
can access the system by internet, and they focus on 
the equipment’s malfunction and solve related 
problems. The structure of the system is shown in the 
Figs. 1 and 2. 

In Fig. 1, we can see that the transformation 
equipment remote fault diagnosis system includes 
some hardware such as microphone, speaker, mixer, 
television, etc. These hardware equipments are 
connected by audio cable or video cable, so they 
form a united platform. The platform attaches 
importance to the compatibility of the whole system. 
Hardware equipments can connect with each other. 
Moreover, the platform can support the H.323 
protocol which is designed for the remote video 
system. In the platform, all kinds of video 
conferences can be implemented. 
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Fig. 1. Hardware infrastructure of the transformation equipment remote fault diagnosis system. 
 
 

 
 

Fig. 2. The overall structure of the system. 
 
 

In Fig. 2, we can see the overall structure of the 
remote fault diagnosis system for transformation 
equipment. In the system, transformation 
equipment’s fault information is sensed by large 
amount of sensors deployed on the substation. The 
fault information is delivered to the system in real 
time, so each one that logged in the system can see 
the fault information of different transformation 
equipments. However, the reasons of different fault 
information are complex, so the management people 
are hard to solve the equipment’s problem. Therefore, 
we need some advises and opinions of high level 
experts. Such experts often live in different places, so 

they are hard to be invited to help us. Now, they can 
easily be invited by our remote fault diagnosis system. 
Through the system, remote experts can logged a 
virtual meeting room and discuss with us by Internet. 
By this way, the reason of fault information can be 
found quickly.  

In the system, high quality audio devices can 
ensure the discuss fluency. We suggest that high-end 
audio devices should be chose when the system is 
deployed. For audio input devices, their sensitivity 
degree should be in the range of 150 Hz and 10 KHz. 
The range of audio input can avoid the happen of 
squeal. Now, directional microphone is often used, 
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for it fits the requirement of above sensitivity degree. 
For users that conduct a conference in a large 
meeting room, wireless microphone or all-around 
microphone should be used for they have better 
mobility. For audio output devices, we suggest that 
high quality conference sound system should be used. 
If the meeting room is in a large area and the 
speakers’ locations are disperse, the input of audio 
may receives multiple sound input. In these situations, 
a phenomenon of echo is appeared. In order to solve 
this problem, we should deploy power amplifier or 
tone tuning devices to reduce the phenomenon. 

For video devices deployment, we also need some 
high quality devices. For video input devices, the 
combination of analog camera and video capture card 
is selected. The combination can support the capture 
of conference image with wide range. Moreover, it 
can enlarge the tiny or remote objects with high 
intelligibility. In our system, the camera provides 
wider translation or bias scope and faster translation 
or bias mechanism, so it has wider visual angle. 
Moreover, it integrates light compensate function, 
which can show the image sharply. 

For remote experts or users, they can connect to 
the system in their offices or their home. In order to 
show a better effect to other people that join the 
discussion, each expert or user should arrange their 
offices with mini and high definition camera, 
desktop-style all-round microphone, such as shown in 
Fig. 3.  

 
 

 
 

Fig. 3. The conference room of remote  
experts or users. 

 
 

We also consider the situation that an expert is on 
a business trip when the discussion is performed. In 
order to help the expert join the discussion, we 
provide a mobile meeting function in the system. In 
the function, the expert can use 3G network and his 
notebook computer to log in the system. He can use 
the camera and microphone in the notebook computer 
to see and talk with other people. If the expert does 
not have a notebook computer, we also provide a 
function that he can log in the system with his mobile 
phone. Therefore, our system is fit for the users that 
often go outside for business. 

 

4. System Function 
 

4.1. Audio and Video 
 
High performance speech engine: smooth, stable, 

with audio and video performance enhancement, 
meeting coordination function, can integrate the 
leading cloud computing technology. 

High fidelity audio mixing technology: 20 high 
fidelity audio concurrency, mix reached optimal 
audio reduction rate and noise elimination effect. 

Sound audio processing technology: with noise 
suppression (ANS), echo cancellation (AEC), gain 
compensation (GC) and other functions. 

Full HD, SDTV video image support: standard-
definition video image (D1); support for full HD 
1080P video codec. 

Application from the boardroom to the desktop: 
support the application of room conference to 
desktop popular conference; support video device 
resolution adaptive technology, image quality free 
control, and support the bandwidth setting and 
dynamic adjustment. 

 
 

4.2. The Meeting Collaboration 
 
Support the online sharing and interaction of text, 

document, picture, desktop, procedures, webpage, 
multimedia files and whiteboard, and provide online 
voting, real-time statistics and results of release 
function, and support the recording of conference 
process. 

Support the free setup of session bandwidth and 
flow rate. 

 
 

4.3. The Conference Management 
 
Support the permission setting of the entering of 

conference room (virtual venue), roll call, meeting 
recording, video browsing, etc. 

Support multiple conference server clusters, reduce 
server bandwidth and load. 

 
 

4.4. The Network Adaptability and Security 
 
Support the access of ISDN, ADSL, dial, 

dedicated line, LAN, 3G mobile networks and other 
network. 

Support the way of sign in by the Socks agent 
registry. 

 
 

4.5. Extended Application 
 
Provides perfect interfaces and realizes seamless 

integration with the substation equipment integrated 
on-line monitoring and evaluation platform. 
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The interfaces include conference management, 
conference, and user authentication module, etc. 

Support C/S, B/S structure, and can convenient 
integrate with different other softwares. 

Support the windows operating system and ios, 
android platform (intelligent operating system); 

Support all kinds of PC machine, notebook 
computer, iPhone, iPad, Android based intelligent 
mobile phones and computers. 

 
 

5. Hardware and Software 
Configurations of the System 
 

5.1. Hardware Configuration of the System 
 

1) Audio input, output, enhancing equipments: 
microphone, audio, power amplifier, mixer; 

2) Video input, output devices: video conferencing 
cameras, capture card, TV, projection and the like; 

3) Server and client devices: PC server, 
workstation; 

4) Transmission media: cable and other equipment; 
5) Office equipments: printers; 
 
 

5.2. Software Configuration of the System 
 
1) The system is composed by application software 

of the system, database software (Oracle 9i), and 
supporting software ( e.g., data decoding software). 

2) Application software: It has software reliability, 
compatibility, portability, scalability and the friendly 
interface; It’s performance should meet the 
requirements of users and long-term planning; It 
supports the deployment of cross platform software 

and a variety of database system, and it supports 
G.711, G.723, G.729 protocols; It should be SOA 
mode of multilayer architecture, and has the 
characteristics of modular design, easy to modify and 
maintain, etc. 

3) Database software’s structure should adapt to 
the requirement of distributed controls, and it should 
have good maintainability and provide the users with 
standard interface to access database. 

4) The supporting software includes safety support 
module, data exchange module, data support module, 
development module, etc. 

 
 
6. System Implementation 
 
6.1. System Deployment 

 
The system has client software and server software, 

and external experts only need to install the client 
software. After their installing of the client software, 
they can enter the system at any time on the Internet. 
The system has a high-end technology of 8 remixes 
of voice, and 20 people can speak at the same time in 
the system. Moreover, it can play 25 videos at the 
same time, and each one can click other participants’ 
list to see other people’s videos. The videos can be 
expanded and displayed by full screen. In conference 
control, the system provides the pattern of free 
speaking, which makes the participants can operation 
conveniently and the meeting is easier to be 
controlled. On the server side of the system, it 
supports video server distribution and cascade. It 
makes full use of the local area network’s bandwidth 
and reduces the use of internet’s network bandwidth. 
System connection diagram as shown in Fig. 4. 

 
 

 
 

Fig. 4. The implementation of the system in Guangxi power grid. 
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In the aspect of data collaborative browsing, the 
system is also good. Take the electronic white board 
as example, there are more than 30 operations and all 
the operations can be done in electronic documents. 
The electronic whiteboard also provides a view mode 
of thumbnail, which is unique. The function of 
document sharing is very powerful, various 
documents including: TXT, Word, Excel, PowerPoint, 
BMP, JPG and so on, can be shared to the 
participants with easy way. Therefore, the experts can 
communicate with the equipment management 
personnel conveniently. 

In terms of performance: The system can ensure 
that the 50 people participate in the process of 
equipment fault diagnosis by remote video, the 
exchange of video and audio is stable, fluency and 
clarity, and won't appear picture / sound interrupt and 
data loss; 

Software processing: The system can seamless 
integrate the existing substation equipment integrated 
on-line monitoring and evaluation platform of 
Guangxi power grid, and it can provide functions 
such as multi-party interaction, electronic whiteboard, 
dynamic PPT, file sharing, collaborative browsing, 
media player, desktop sharing, text communication, 
file transfer, conference record, the control and 
management of the conference, entry mode choose, 
bandwidth adaptation, server backup and extended 

services support, etc. It can build virtual venue for the 
experts in different locations, and the experts can sign 
in by the Internet. 

 
 

6.2. The Decision Process of Management 
Departments 

 
The system gets analysis and evaluation of reports 

from various functional modules. Then the reports 
are reported to management departments immediately. 
Related manager should examine and verify the 
devices’ states and their evaluating results. By this 
way, equipment manager creates flexible flow setting 
and tracking mechanism to accomplish the mission. 

Management departments’ decision can be divided 
as: department audit, department approval, 
department countersignature, leader’s approval and 
back draft. 
 
 
6.2.1. Decision-initiation 

 
When related people find the problem of one 

device or warning of the machines, they can read the 
detail information of the device. Then they can find 
the problem of the device, and analysis reports. The 
decision flow is shown in Fig. 5. 

 
 

 
 

Fig. 5. The interface of decision-initiation. 
 
 

6.2.2. Decision-making Process 
 

Initiated process creator selection process node, the 
appropriate personnel in the task list will receive the 
decision-making tasks. Decision makers can view the 
report or download files through online audit state or 
evaluation report, submitted to the process and to 
their own opinion and decision-making information. 
Decision-makers in every decision-making process 
can be treated audit report rollback initiator further 
confirm the problem or to provide better data, but 
also can extend the process, decision-makers can own 

that may give an opinion on the report people to join 
in the process, decision main interface is shown in 
Fig. 6. 

 
 

6.2.3. Decision-making Process Tracking 
 

View the state of the decision-making process in 
the current platform (Fig. 7). 

View process, double-click or click the Action 
button, open the following detailed information  
(Fig. 8). 
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Fig. 6. The interface of decision-making process. 
 
 

 
 

Fig. 7. The interface of Decision-making process tracking. 
 
 

 
 

Fig. 8. The interface of decision-making result. 
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6.3. Application in 500 kV Intelligent 
Substation Combining with Information 
Visualization Technology 

 
Information visualization technology is a keeper 

of information and data conversion for the people can 
intuitively understand image graphics or image 
expression technology, so as to provide a more 
efficient, effective managers. With the gradual 
increase in the level of China's power grid equipment, 
the operating performance is close to international 
standard, and how to improve the scientific 
management level of substation production and 
operation has become the focus. According to the 
domestic and international experience, information 
visualization is one of the key technologies that solve 
the substation intelligent management. 

This project examines the development needs of 
intelligent substation, power enterprises considering 
various safety procedures, including grid scheduling, 
automation, relay protection, centralized control 
substation the unmanned station run guidelines, 
design visualization platform data model and visual 
inspection system and the two functions of the 
simulation interactive training system based on-line 
monitoring of the network architecture, according to 
the substation management needs, can not only 
improve the quality of online monitoring to eliminate 
hidden dangers in a timely manner, but also by a high 
degree of simulation training to improve the quality 
of the management staff, put an end to the misuse of 
due process, equipment unskilled, reduce operating 
and maintenance of accident. 

 
 

6.3.1. Data Modeling 
 

Before the data modeling work, we should select 
the development tools first. According to the current 
research of 3D graphics real-time rendering 
technology: scene modeling, scene management, 
model simplification and multi-resolution 
identification, geometric model code, calculation, 
texture, image based rendering, parallel / distributed 
graphics rendering, hardware acceleration, 
considering simplifying the development process, 
improve the efficiency of the development, finally 
choose the 3DStudio Max as a modeling tool, 
Unity3D as a virtual reality tool. 

Members of HLA distributed simulation system 
model based on structure is the key to 3D simulation 
platform, intelligent substation model can be divided 
into two categories: action characteristics or the 
electrical characteristics of the model and general 
model. The former refers to all kinds of electric 
power equipment in substation, including transformer, 
circuit breaker, isolating switch, a device and a 
transformer, operating mechanism box, box and other 
auxiliary equipment and so on; the latter refers to the 
geographical environment in substation, such as 
various buildings, towers, ground and so on. 

According to the description of the physical, the 
substation is abstracted as following: three-
dimensional simulation model elements of 3D model, 
action characteristics, electrical characteristics, data 
class interface. 

Each model class definitions and function are as 
follows: the 3D model by 3DStudio Max combined 
elements of different sub models to create physical 
model, and enhance the visual authenticity through 
the texture and materials; action characteristic 
element describes the equipment movement, such as 
the switch switching, trolley pushed out, support key 
frame model by these movements in 3Dscene. And 
display process through key frame interpolation 
between processing; Electrical characteristics of 
elements such as description of equipment anomalies, 
transformer oil, insulator magnetic bottle rupture, 
switch to smoke, porcelain cracking, redness and 
other fault through the sub model show alternating, 
rust, dirt ground equipment fault replacement to 
achieve through the texture, and steam, smoke, 
explosions and other realized by particle system 
effects function; data interface element provides a 
data interface interactive simulation object and 
system, data interface here generally refers to the 
Unity3D environment for two-dimensional data table 
of all kinds of information related to record and 
describe the implementation of the model, then the 
platform of information exchange. 

 
 

6.3.2. The Implementation of the Model 
 

A lot of electric power equipment in substation is 
very close in the model and function, so the model 
and function are used as element description, again 
by the element compound reducing these devices. 
The elements of technology in the reduction model, 
detailed classified by structure and movement of 
various substation equipment, extract the key 
information, the basic elements are decomposed into 
several reusable, and in accordance with the logic of 
the system memory to integrate the classification, 
accurately grasp the overall features. Application of 
essential technology, greatly reducing the modeling 
workload, improves the efficiency of development.  

Combined model is divided into two categories 
respectively, the scene system model and system of 
Virtual Substation model. The system equipment 
model directly determines the operating speed of the 
system and Virtual Substation Scene fidelity, here 
main transformer, switch, knife switch, a site 
equipment simulation equipment model through the 
3D Studio MAX object modeling tools to build, 
transformer, arrester, operating mechanism box, 
control cabinet, on-line monitoring equipment and 
auxiliary equipment model, as well as the control 
room, the geographical environment of substation 
environment model. Scene model used the Unity3D 
software, based on the actual substation as a model, 
in accordance with the terrain data layout and 
collected on the spot, with the main wiring of power 
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system diagram, camera settings, lighting, materials, 
textures and other environmental parameters in the 
development environment, complete the Virtual 
Substation scene. 

 
 

7. Conclusions 
 

The remote equipment fault diagnosis system in 
Guangxi Power Grid uses advanced, practical, safe, 
reliable and extensible standards in the system’s 
planning and design. Through the practical use in 
Guangxi power grid for near a year, the performance 
of the system and the operation effect is proved to be 
well, and it effectively improves the level of 
substation’s equipment management and the 
efficiency of equipment’s fault treatment. 
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Abstract: This paper analyzes the current situation of business environment and business intelligence systems 
integration at first. With emerging applications of internet and wireless communication technologies, e-
manufacturing is focused on the use of internet, monitoring and communications technologies to make things 
happen collaboratively on a global basis. A wireless sensor network based data acquisition system gives 
enormous benefits such as ease and flexibility of deployment in addition to low maintenance and deployment 
costs. This paper reviews wireless sensor network and its application for e-manufacturing. To provide a 
dependable, non-intrusive, secure, real-time automated health monitoring, a distributed reconfigurable sensor 
network is introduced which consists of real and virtual sensor nods over a communication wireless sensor 
network using Mica2 motes. Copyright © 2013 IFSA. 
 
Keywords: Framework, E-manufacturing, Wireless sensor network. 
 
 
 
1. Introduction 
 

The rise of the internet and the rapid spread of 
electronic business across world markets have left 
few industries unchanged. The internet redefined the 
way people work and interact. Today more than ever, 
successful businesses must assimilate change rapidly. 
To remain competitive, an organization must 
maximize its use of internet technology with its 
supply chain. As enterprises seek to optimize 
business processes, decisions, and actions, they are 
increasingly turning to products such as the Business 
Intelligence Systems to distill intelligence from 
existing applications and data sources and distribute 

it pervasively across the enterprise to optimize 
business processes, decisions and actions. 

E-Manufacturing uses e-intelligence and web-
enabled tools to integrate information from 
equipment, suppliers and factory floor, Enterprise 
Resource Planning (ERP) and Supply Chain 
Management (SCM) to achieve maximum business 
performance. E-manufacturing is related to software 
architecture that enables the implicit electronic 
collaboration and real-time exchange of data. The 
prime reason for deploying an e-manufacturing 
solution is to reduce the time that it takes to 
communicate between experts who are solving 
problems and expanding technology; also, the 
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method needs to improve the quality of the 
information shared so the solution time is reduced. 
To obtain rich raw data effectively, different 
distribution systems, particularly web-based 
infrastructure, have been investigated [1-4]. 

Wireless sensor networks represent a rapidly 
emerging research topic, driven by their potential to 
extend communication capability beyond the reach of 
conventional networks for the purpose of monitoring 
physical conditions in remote and inaccessible 
locations [5]. Important applications include disaster 
prevention and environmental monitoring. One of the 
main limitations of current devices is battery life, 
since sensor nodes will often be required to operate 
for a long period of time without external 
intervention or access to an alternative power source. 
The medium access control protocol determines the 
means by which nodes access the shared radio 
communications medium, and has a major impact on 
overall energy consumption. The necessity of nodes 
to self-organize, coordinate transmission/reception, 
and relay data in a distributed fashion presents 
particular challenges in achieving energy-efficient 
operation.  

Wireless sensors and sensor networks are 
emerging as sensing paradigms that the structural 
engineering field has begun to consider as substitutes 
for traditional tethered monitoring systems. A benefit 
of wireless structural monitoring systems is that they 
are inexpensive to install because extensive wiring is 
no longer required between sensors and the data 
acquisition system. Researchers are discovering that 
wireless sensors are an exciting technology that 
should not be viewed as a substitute for traditional 
tethered monitoring systems [6]. Wireless sensor 
networks provide great potential for e-manufacturing 
including e-factory, e-supply chain philosophy and e-
maintenance. The rest of the paper is organized as 
follows: Section 2 reviews wireless sensor network, 
the major research issue and their potentials for e-
manufacturing; Section 3 introduces some scenarios 
of using sensor networks and RFID technology for e-
manufacturing, and Section 4 concludes the work and 
proposes future study. 

 
 

2. Wireless Sensor Networks  
for E-manufacturing 
 
The availability of cheap, low power, and 

miniature embedded processors, radios, sensors, and 
actuators, which are often integrated on a single chip, 
is leading to the use of wireless communications and 
computations for interacting with the physical world 
in applications such as security and surveillance 
applications, smart classroom, monitoring of natural 
habitats and eco-systems, medical monitoring etc. 
The resulting systems are often called wireless sensor 
networks (WSNs). Depending on the type of 
application, the senor network is designed with 
different features. Sensor networks were in February 
2003 predicted by MIT’s Technology Review to be 

one of the most important technologies in the near 
future.  

Use A4 (210  297 mm) sized paper of the article. 
Colum width must be 7.61 cm, spacing between 
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0.63 cm. Please do not re-adjust these margins. 
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template. 
 
 
2.1. Wireless Sensor Networks and their 

Major Research 
 

Distributed wireless sensor networks differ from 
conventional network systems in many aspects. 
Wireless sensor networks usually involve a large 
number of spatially distributed, energy-constrained, 
self-configuring and self-aware nodes. Sensor nodes 
are fitted with an on-board processor. Instead of 
sending the raw data to the nodes responsible for the 
fusion, sensor nodes use their processing abilities to 
locally carry out simple computations and transmit 
only the required and partially processed data [7]. 
Thus sensor network protocols and algorithms must 
possess self-organizing capabilities. Another unique 
feature of sensor networks is the cooperative effort of 
sensor nodes. The wireless sensor networks are 
bringing about a lot of new challenges and design 
considerations, which go much beyond conventional 
network systems. Wireless sensor networks include 
component technologies of wireless sensor networks: 
Sensors/actuation, Distributed embedded systems, 
Energy supply, Wireless communication, Networking 
and middleware and application software. In addition 
to sensors, the emerging research can be summarized 
as follows: 

Energy efficiency both in hardware and software: 
One of the most important constraints on sensor 
nodes is the requirement of low-power consumption. 
Sensor nodes carry limited, generally irreplaceable, 
power sources. To the three main tasks of a sensor 
node, i.e. sensing, communication and data 
processing, the data communication expends 
maximum energy. Therefore, many researchers are 
exploring the new sensor network protocols and 
algorithms to focus primarily on power conservation. 
On the other hand, the latest development in battery 
technologies, especially the fuel cell miniature makes 
the fuel cell becoming the most promising power 
sources for the next generation of wireless sensors. In 
fuel cells, hydrogen is mixed with oxygen to generate 
electric current through water. It generates constant 
power up to 10 times energy capacity of alkaline 
battery, a life of more than 5 years. They can be 
integrated with wireless sensors without maintenance 
[8]. In [9], it reported systematically that the 
microbial fuel cell is combined with low-power, 
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high-efficiency electronic circuitry providing a stable 
power source for wireless data transmission. Energy 
produced by the microbial fuel cell is stored in a 
capacitor and used in short bursts when needed. The 
system powered a transmitter, which gathered the 
data from the sensor and transmitted it wirelessly to a 
remote receiver.  

Robust and flexibility: Researchers are working to 
improve the performance of the wireless sensor 
network in terms of fault tolerance, scalability, 
production costs, topology, communication protocols, 
data management and access techniques. Some are 
working on how to develop a middleware that could 
be used for cooperating objects in applications, 
hardware interfaces, industry applications, etc. The 
background behind that is that the current application 
software is too application-addressed and there is a 
distinct need for a middleware layer to cope with the 
diversity of software layers. 

Security and authentication: Similar to the normal 
network, the wireless network has security risks or 
even higher. For instance, denial-of-service attack is 
a threat for traditional network and for wireless 
network as well. There are many possible ways for an 
attacker to inject malicious code into a node, 
including the exploitation of weaknesses in its 
application code or in protocols used for application 
management, or physical vulnerabilities [10]. 
Algorithms must be designed in a way to withstand 
attacks such as manipulation and injection of 
messages. Security remains a critical research issue 
for wireless sensor applications, but implementing 
effective security mechanisms within tight resource 
constraints at an affordable cost can be difficult and 
complex. 

 
 

2.2. Wireless Sensor Platforms 
 
In recent years significant advances in 

microelectronics and miniature radio technologies 
have enabled the development of commercial 
wireless mesh networks. Companies such as 
Crossbow, DUST networking and Millennial offering 
commercial products have sprung up over the past 
several years. Most products focus on the 
infrastructure and communication requirements of 
ad-hoc networks. These products typically provide 
the self-organizing and self-healing backbone for the 
wireless transmissions and in-network processing of 
collected sensor data.  

Unique characteristics of wireless devices present 
challenges for networking, requiring new ways for 
devices to communicate with each other and the 
Internet. Current standards don’t apply, so new 
standards are needed which support communication 
both between the wireless devices themselves as well 
as between the new wireless devices and devices 
using current standards. To provide the consumer 
with ultimate flexibility, mobility, and ease of use in 
building wireless intelligence and capabilities into 
everyday devices, several organizations and industry 

standards groups, including ISA, the HART 
Foundation, ZigBee, and WINA are working on 
standards.  

Without a right development platform, creating 
and investigating wireless sensor and transducer 
systems are unproductive and difficult to use. Thus 
several platforms and developer kits have been 
published from different companies such as ZigBee 
platform, Dust Networks’ SmartMesh wireless mesh 
networking system, Sun Sport System and 
Crossbow’s Mica platform, etc. 

Crossbow is the industrial leader in sensor 
technology. In our experimental project, we selected 
the 5040 Mica2 MOTE-kit of Crossbow. The 
Crossbow hardware platform consists of 
Processor/Radio boards (MPR) commonly referred to 
as Motes. Motes run Crossbow's XMesh self-
forming, micro-power, networking stack. Each Mote 
runs the open-source TinyOS operating system which 
provides low-level event and task management. The 
Mote Interface Boards (MIB), allow developers to 
interface Motes to PCs, PDAs, the WWW, and 
existing wired/wireless networks and protocols. An 
ad-hoc mesh network is illustrated in Fig. 1.  

 
 

 
 

Fig. 1. A Crossbow Ad-Hoc Mesh Network 
 
 

The components of the sensor network in our 
system are listed as follows: 4 MICA2 
Processor/Radio Boards; 4 MICA2DOT Quarter-
Sized Processor Radio Boards; 3 MTS310 Sensor 
Boards (Acceleration, Magnetic, Light, Temperature, 
Acoustic, and Sounder); 2 MTS510 Sensor Boards 
(Acceleration, Light, Microphone); 2 MDA500, 
MICA2DOT Prototype and Data Acquisition Boards; 
1 MIB510 Programming and Serial Interface Board. 

The possibilities for wireless sensors have been 
exciting scientists and researchers, the business 
community, military and government officials, and 
consumers likewise for many years. Several projects 
and prototypes have taken place in industrial and 
research labs, as well as some products adopted by 
companies. NSNA: Sensor webs – The project has 
the objective of using readily available technologies 
to create a wireless network with embedded 
intelligence [10]. Intel Labs: Practive Healthcare – In 
addition to leading a major force on sensor network 
research, Intel Research Labs also initiated an effort 
to explore technology that can help in caring for 
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growing elderly population. HP Labs: Smart Rack 
and Smart Locas – HP opened its US RFID Demo 
Center at HP Labs in Oct 2004. The BP oil company 
uses RFID and sensor network to monitor assets and 
react quickly to changes in environment conditions. 

 
 

3. Monitoring and Tracking  
in E-manufacturing 
 
This section discusses how to use wireless sensor 

networks and combine RFID in remote monitoring 
and tracking applications.  

 

3.1. Remote Monitoring using Wireless 
Sensor Network 

 
E-manufacturing operators rely heavily on 

advanced sensors and control systems to ensure high 
productivity levels and low-cost operations. As 
illustrated in Fig. 2, wireless sensor networks will be 
used as low-level devices for data capturing and high 
level information management by replacing current 
wired network for conditioning monitoring data in 
shop floors and manufacturing centres, service 
monitoring e.g. structural health monitoring, 
integration with other hierarchical networked data 
such as management data from enterprises, global 
sales and customers, and distributed databases.  

 
 

 
 

Fig. 2. Sensor network for e-manufacturing. 
 
 

Remote and real-time assessment of machine’s 
performance requires an integration of many different 
technologies including sensory devices, reasoning 
agents, wireless communication, virtual integration, 
and interface platforms. In such system, deploying 
wireless sensor technology in plants is a very flexible 
solution to delivery of real-time data in the e-
manufacturing network. The sensors gather different 
parameters and feed them to the system for remotely 
monitoring and control. To achieve maximum 
performance from plant floor assets, the monitoring 
system can be used to monitor, analyse, compare, 
reconfigure, and sustain the system via a web-
enabled platform. In addition, these intelligent 
decisions can be harnessed through web-enabled 
agents and connect them to e-business tools (such as 
customer relation management systems, ERP 
systems, and e-commerce systems) to achieve smart 
and effective service solutions [11]. 

A product’s performance degradation behaviour 
is often associated with multi-symptom-domain 

information cluster, which consists of degradation 
behaviour of functional components in a chain of 
actions [12]. Based on sensor signals, a critical 
component of the e-Manufacturing concept predictive 
maintenance of plant floor assets can be built. 
Predictive maintenance system provides 
manufacturing, and operating systems with near-zero 
downtime performance through use and integration 
of a real-time smart monitoring and tether-free 
technologies. Sensors can be deployed with stamp 
presses, conveyer belts and other types of machinery 
that measure current, noise, vibration, heat and other 
factors that can be detected to predict when a 
machine might fail or require service. Having the 
ability to detect whether or not a piece of machinery 
in a remote plant might go down from a network 
operations center will help enterprise save 
maintenance costs. 
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3.2. Combination Wireless Networks  
with RFID 

 
So far, the RFID (Radio frequency Identification) 

technology has gained prominence in retail and 
supply chain management. Its fast growth and huge 
potential benefits have motivated a major move 
independently taken by Wal-Mart, the world’s largest 
retailer and the US Department of Defense (DoD), 
that requires their suppliers to install RFID tags by 
2005 [13]. In response, several major computer 
companies, including Intel, HP, IBM, and Sun, have 
announced their efforts and future plans  
to support RFID. 

There is an accelerating trend of the adoption of 
RFID technology in various industrial and 
manufacturing applications. Wireless sensor network, 
in particular when integrated with RFID technology 
becomes a suitable solution in manufacturing. It can 
be used for tracking and control throughout the 
manufacturing process, including pallet tracking, 
component identification, intelligent part routing, 
error-proofing and assembly verification. When an 
RFID tag is given sensing capabilities, the line 
between RFID and sensor network becomes blurred. 
Many active and semi-active tags have incorporated 
sensors into their design, allowing them to get sensor 
readings and transmit them to a reader at a later time. 
They are not quite sensor network nodes because 
they lack the capacity in communicating with one 
another through a cooperatively formed ad-hoc 
network, but they are beyond simple RFID  
storage tags. 

Currently many manufacturers use bar code labels 
to track parts and racks, but RFID tags promise to 
provide a better, less labour-intensive method of 
tracking these racks into and out of production plants 
and are less likely to be damaged by exposure to rain 
and temperature extremes when the racks are stored 
outside, as they frequently are. The new capability of 
combining RFID technology for good tracking 
provides production and supply chain managers with 
insight into their actual material flow. It helps factory 
personnel further reduce waste and inefficiency in 
terms of inventory and manpower, while facilitating a 
smooth, reliable production flow. A manufacturing 
tracking system with RFID is illustrated in Fig. 3. 

More typical applications in manufacture are in 
the automobile industry. Using RFID technology, a 
tag could be secured to a vehicle skid, and then 
custom programmed with a serial number that would 
be referenced through Ford's operating system [15]. 
This serial number can indicate what has been done 
to each vehicle, as well as what still needs to be 
completed further along the production line. As a 
vehicle passes through the different stages of 
production, different parts of the 22- to 23-digit serial 
number are referenced, indicating what needs to be 
done at each station. BMW and Vauxhall use RFID 
tags [16] to enable accurate customization of 
customer orders. A read/write smart tag is 
programmed with the customer order. The tag is then 

attached to and travels with the car during the 
production process. This tracking ensures that the car 
is manufactured with the correct colour, model, 
interior, and any other options a customer specifies. 

 
 

 
 

Fig. 3. RFID based e-tracking. 
 
 

3.3. Applying Mica2 and RFID 
 

As introduced in Section 2.2, Mica2 from 
Crossbow has been selected in our experimental 
project. The main reasons are its ability to deal with 
new nodes entering, or re-entering after brief losses, 
the network, and easy in bringing external sensor 
inputs into the nodes. Since our project requirements 
dictated the need for complex sensor data as well as 
self-healing wireless networking, we moved to the 
Crossbow platform that provided a wide array of 
integrated sensor boards. 

Crossbow provides a number of sensor boards 
like MTS310. MTS310 contains sensors to detect 
light, temperature and sound, as well as a 2-axis 
accelerometer and a 2-axis magnetometer. Therefore, 
they can be widely used in manufacturing 
environment. These devices may be connected 
directly with the radio boards, thus pushing their data 
directly to the microcontroller periodically and out to 
the rest of the network [14]. A diagram and its 
embodiment are illustrated in Fig. 4. Wide range of 
sensors can be deployed for different measurement 
and control, which is important for e-manufacturing, 
where real-time data are required. 

Crossbow also has wireless RFID readers and 
active tags e.g. MTS420. They are compatible with 
MICA2 and TinyOS, providing open-source mesh 
networking and signal processing capabilities. With 
its wireless sensor integration capability, multi-mode 
sensors can be used as low cost active tags providing 
not only simple “electronic bar code” data but also 
temperature, shock and even GPS-enabled tracking. 
Its modular sensing platform can be configured to 
measure physical parameters about tracked material. 
For instance, by combining temperature and 
accelerometers sensors with RFID e.g. MTS420A the 
status of fragile or perishable goods can now be cost-
effectively monitored in real-time [14]. 
Manufacturers and distributors have the potential to 
significantly impact the bottom line from increased 
supply chain efficiencies and reduced inventory write 
offset. 
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Fig. 4. Mica2mote with sensors and its embodiment. 
 
 

4. Conclusion and Future Work 
 
Emerging technology of wireless sensor network 

has great potentials for e-manufacturing, specifically 
e-factory, e-supply chain and e-maintenance. It can 
provide real-time data at proper time and appropriate 
location. After reviewing of the state-of-the-art 
wireless sensor networks and its major research topic, 
the application scenarios for e-manufacturing have 
been discussed. Crossbow Mica2 has been selected in 
our experimental project for condition monitoring of 
manufacture processing and RFID based supply 
chain monitoring in e-manufacturing. As an on-going 
project, further work will concentrate on the system 
implementation and evaluation. In addition to 
develop different sensor motes, security and 
robustness of sensor-based real-time controlling 
systems will be investigated on the system developed 
in the future for e-manufacturing application. 
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Abstract: The smart sensor is the product of the combination of one or more sensitive components, precision 
analog circuits, digital circuits, microprocessor, communication interface, intelligent software systems and 
hardware integration in a packaging component. Formal concept analysis is from the given data to automatically 
extract the classification relationship between the entire hidden concept and concept, formation of concept 
model. Ontology is a set of relations between concepts of the specific domain and concept, and it can effectively 
express the general knowledge of specific field. The paper proposes development of smart sensors system based 
on formal concept analysis and ontology model. Smart sensor is a micro processor, sensor with information 
detection, information processing, information memory, logical thinking and judging function. The methods can 
improve the effect of the smart sensors. Copyright © 2013 IFSA. 
 
Keywords: Smart sensors, Formal concept analysis, Ontology. 
 
 
 
1. Introduction 
 

The sensor system is the combination of sensors, 
computers and communication technologies. 
Intelligent sensor systems and micro-sensor system is 
one of the two main research directions. Three ways 
to achieve a smart sensor: (1) non-integrated 
implementation (2) integration (3) hybrid 
implementation. integrated smart sensor has three 
existing forms: the primary form of Intermediate 
forms / self-reliance in the form. The primary form of 
micro-processing is unit. the so-called smart sensors, 
one with unused processors can a combination of 
both monitoring information and information 
processing capabilities of the sensor, the sensor 
(signal conditioning circuit) is given in the 
microprocessor rich, both monitoring and 
information processing functions sensor smart 
sensors. The real world there are a variety of objects, 

each object has its own set of attributes or 
characteristics of concept lattice structure reflects the 
links between objects and attributes, and 
generalization of the concept with the example of the 
relationship between a complete conceptual level 
structure. 

The intelligent sensors are a sensor having an 
information processing function. Smart sensor with a 
microprocessor, acquisition, processing, ability to 
exchange information, the sensor integrated 
microprocessor combined product [1]. Feeling of 
general intelligent robot system consists of multiple 
sensors collection, collected information needs to the 
computer for processing, and the use of smart sensors 
can be distributed processing, thereby reducing costs. 

Ontology concepts are from the field of 
philosophy. The earliest introduction of the concept 
of the body is the field of artificial intelligence (Al). 
The introduction of the field of artificial intelligence 
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body is to address issues related to knowledge 
representation and organization. Ontology concepts 
and methods into knowledge organizations and the 
field of Library and Information in early 2000. The 
introduction of ontology are to address the problem 
of information retrieval, resource organizations. 

Smart sensors (also known as digital sensor) is to 
come out in the mid-1990s, it is the crystallization of 
microelectronic technology, computer technology, 
and automatic test technology (ATE). At present, the 
international community has developed a variety of 
smart sensor products. Within the smart sensor 
contains a sensor, A / D converter, the signal 
processor, a memory (or register) and an interface 
circuit. Some products also with a multiplexer, the 
central controller (CPU), random access memory 
(RAM) and read-only memory (ROM).Features of 
the smart sensor is able to output measurement data 
and the amount of control, fit a variety of 
microcontroller (MCU); and it is on the basis of 
hardware and software to achieve the test function 
also depends on the degree of intelligence software 
the level of development. 

In formal concept analysis, the concept is 
understood as the set of all objects belonging to this 
concept, and connotation is considered all of these 
object are common features (or attributes) set, which 
realizes the formal understanding of the concept of 
philosophy [2]. The main content of formal concept 
analysis is a pair of two Yuan relations among sets, 
namely Galois lattice or concept lattice. Each node of 
the concept lattice is a by the denotation and 
connotation of the two part of formal concept. 
Extension refers to examples covered by formal 
concept; connotation is the common feature of 
concepts covered instances. Smart Sensor is a 
microprocessor-with the sensor detection, judgment 
and information processing functions. Compared 
with conventional sensors with high accuracy, wide 
range, multi-function, high reliability and high 
stability, strong adaptability, high signal-to-noise 
ratio, micro-power and cost advantages. The paper 
proposes development of smart sensors system based 
on formal concept analysis and ontology model. 

 
 

2. Design of Smart Sensors based on 
Formal Concept Analysis 
 
MEMS technology is miniaturization, integration, 

sensor miniaturization and highly integrated sensor 
may have a lot of information detection and control 
functions, in order to achieve intelligent. 
Miniaturization, multi-functional, integrated and 
intelligent sensors will gradually replace traditional 
sensors to become the mainstream of automotive 
sensors based on MEMS technology. 

The smart sensor is constituted by two parts of the 
conventional sensors and a microprocessor unit, 
which can be of the sensor and microprocessor 
integrated on a single chip constitute a monolithic 
smart sensor can also be a microprocessor of the 

sensor is able to retroversion. A block showing is the 
configuration of a typical smart sensor system. The 
functionality of the smart sensor, the control function 
in the smart sensor, the measurement process can be 
pre-programmed program, under the control of the 
microcomputer automated measurements. Control 
general: keyboard control functions, automatic range 
switching function, multi-channel switching, extreme 
judgment and cross-border police, automatic 
calibration, automatic diagnostic measurement results 
display and print options. 

The concept lattice has been found in the 
knowledge, software engineering, information 
retrieval, and many other areas widely used, but the 
time complexity and space complexity of the issue 
has been a major problem that plagued its further 
application [3]. The use of high-performance parallel 
computing and storage capacity of the computer to 
construct and storage is the fundamental way to solve 
this problem effectively. Distributed data storage and 
parallel processing, how rational and effective 
organization of distributed storage and parallel 
processing of data both in theory and in technology, 
there are many problems need to be studied. 

Smart Sensor is a way to feel a measured object 
detection function; learning, reasoning, judgment 
processing signal; communication and management 
functions of a new class of sensors. Smart sensor 
automatic is zeroing, calibration, compensation, data 
collection capabilities. Its ability to determine the 
intelligent sensor also has high accuracy and 
resolution, high stability and reliability, better 
adaptability, compared to traditional sensor also has a 
very high cost, as is shown by equation 1. 

 
 

)()1()()1( xQnuxPn
dx

du
  (1) 

 
The quality indicators for certain products 

(viscosity, hardness, surface finish, composition, 
color, taste, etc.) can not be carried out fast, direct 
measurement and control line in the industrial 
production, the use of traditional sensors. Smart 
sensor to directly measure a function of the 
production process of some quantity (such as 
temperature, humidity, pressure, flow and product 
quality indicators), calculated using the mathematical 
model of neural network expert system technology, 
which canto infer the product quality. 

The concept description is to describe the 
meaning of a particular type of object, and outlines 
the relevant characteristics of such objects. The 
concept description divided into the description of the 
characteristic and distinctive Description former 
describes a common feature of certain types of 
objects, which describe the difference between 
different types of objects. Generate a characteristic 
description only relates to the commonality of all 
objects in the class object. Generate distinctive 
described in many ways, such as decision tree 
method, genetic algorithm. 
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Virtualization is a common hardware platform to 
make full use of the software implementation of 
intelligent sensor specific hardware virtualization 
sensors can shorten product development cycles, 
reduce costs, and improve reliability. Intelligent 
sensor network is the use of multiple sensors for a 
variety of bus system and is equipped with a network 
interface (LAN or Internet) microprocessor. Between 
the sensors, the sensors and actuators, sensors and 
systems data exchange and sharing can be achieved 
through the system and network processor. 

Non-integrated intelligent sensor traditional 
sensors, signal conditioning circuits, microprocessor 
combination with digital bus interface as a whole 
constitute smart sensor system. These non-integrated 
smart sensors developed rapidly in the promotion of 
the development of the situation in the field bus 
control system. Automation Instrumentation 
manufacturer of the original set of production 
equipment is essentially the same, an additional 
microprocessor with digital bus interface flapper 
assembled and equipped to communicate, control, 
self-tuning, self-compensating, self-diagnostic smart 
software, enabling smart sensor function. This is one 
of the most economical and fastest ways to create a 
smart sensor [4]. 

 

         , , , \ , \ .GM I GM M I G M M  B B  (2) 

 

With the rise of object-oriented programming 
method, to identify the object from the legacy code 
will undoubtedly be of great value, object recognition 
process normally consists of several steps: The first is 
to identify the heritage record as a candidate class, 
and then identify the heritage processor program as a 
candidate method, and finally through some form of 
clustering analysis for each method to determine the 
optimal class. And-Deursen by semi-automatic 
restructuring heritage data structure to identify 
objects cluster analysis and conceptual analysis in 
object recognition, and applied to a million lines of 
code COBOL system, the use of comparative 
analysis of these results cluster analysis of the 
technical and conceptual analysis techniques. 

Virtualization, networking and information fusion 
technology are the three main directions of the 
development of intelligent sensor. Virtualization is 
the use of general hardware platform made full use of 
software to realize the specific hardware function of 
intelligent sensor; virtual sensor can shorten the 
product development cycle, reduce cost, and improve 
reliability. Networked intelligent sensor is the use of 
multiple sensors of various bus system components 
and equipped with a network interface (LAN or 
Internet) microprocessor. Through the system and 
network processor can realize sensor, sensor and 
actuator, sensor and between the system data 
exchange and sharing, as is shown by equation 3. 
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n

n
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Path to realize the intelligent sensor: path to 
achieve non integrated implementation: non 
integrated implementation: common sensor with 
digital bus interface of the microprocessor and signal 
conditioning circuit are combined together as a whole 
constitute an intelligent sensor system, as a whole 
constitute an intelligent sensor system, the non 
integrated intelligent sensor is to promote the 
development situation of the field control system 
developed rapidly under the line. Push line control 
system under the development situation of rapid 
development. 

RULEARNER Sahami development system, it 
firstly according to condition attribute to construct 
concept lattice, and then extracted from the lattice of 
classification rules are used to support the 
classification of the object; and the LEGAL-E system 
Njiwoua design is used for learning the parameters to 
generate the semi lattice part -- from the concept 
lattice, the space complexity and effective control of 
concept lattice, then the voting the way to classify 
new objects for group decision making; the feature 
selection method is applied in the LEGAL-E system, 
they have got the LEGAL-F classification system. 

Smart sensors in the automatic control system of 
detection and has the equivalent of the five sense 
(i.e., hear, smell, taste, vision, touch and so on) the 
important role. Automation system function more 
complete, the system dependence on sensor is also 
greater. In the advanced control system, intelligent 
sensors are a key technology [5]. A new sensor not 
only to "signal perception" outside, but also the 
"perception" to the processing necessary, both 
excellent function of the realization of sensor is the 
inevitable trend of the future development of the 
sensor. Intelligent sensor is the result of development 
of science and technology, but also the need of the 
development of science and technology, as is shown 
by Fig. 1. 

 
 

 
 

Fig. 1. The design of Smart sensors in the automatic 
control system of detection. 
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The intelligent sensor is relates to the micro 
mechanical and microelectronic technology, 
computer technology, signal processing, circuit and 
system, sensor technology, neural network, fuzzy 
theory and other disciplines integrated technology. 
To promote the development of intelligent instrument 
development main technology sensing technology 
A/D devices will significantly enhance the function 
and measurement range of single-chip 
microcomputer DSP instrument is widely used in 
ASIC, FPGA / CPLD technology of Labeler 
graphical software technology of network and 
communication technology of intelligent sensor in 
the future. 

Formal concept analysis about was born in 
nineteen eighties, the team was in Germany at the 
beginning of the Darmstadt research and 
development system is an application software based 
on lattice theory [6]. The first description of formal 
concept analysis is the keynote speech in 1981 on an 
ordered collection of Banff meeting. Formal concept 
analysis appears to be a complex noun is difficult to 
understand, it is necessary to explain. It is a kind of 
analysis tools or methods of data, especially for the 
investigation and handling of the given information, 
to find hidden hiding much important information 
behind the data. 

The smart sensor is made out of a system instead 
of the sense organs and organisms and expands its 
functionality and design. And organisms feeling have 
two basic functions: First, the presence or detection 
of the detection object conversion target signal; 
another judgment, reasoning, and the identification of 
the object's state. The former is called "sense", while 
the latter is referred to as "cognitive. General sensor 
only precise ability to "sense" of an object, rather 
than the ability to "know" (wisdom).Smart sensors 
can be "aware" and "cognitive" and played the role of 
"five senses" function., as is shown by equation 4. 
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The principle and structure of smart sensor is an 

analog signal processing and digital control 
(DCASP). Such as the intelligent sensor is generally 
divide into two parts: the sensor and information 
processing unit. The basic sensor is the most accurate 
design using DSSP structure, usually based 
intelligent sensor, its performance largely determines 
comprises two sensors: by measuring sensor (such as 
pressure) performance of intelligent sensor, the micro 
mechanical processing technology. 

Application design is easier. Smart sensor object-
oriented application design engineers can work focus 
on the application level of the system, such as control 
rules, user interface, ergonomics, etc., rather than the 
sensor itself, just as the system simple parts can be 
used. Applications are at a lower cost. Assisted in 
perfect technical support tools, applications in 
research and development, procurement, production 

more cost. Sensing standard protocol interface, the 
sensor factory (including sensitive components) will 
focus on the quality and security of the sensor side, 
do not to it was required to provide customers with a 
large number of aided design. 

Source of concept lattice is to form concepts. 
Concept lattice (Concept Lattice), also known as 
Galois, is by Professor Wille of Germany in 1982 as 
a mathematical theory first proposed the concept for 
it, find, sort and display, and it will mathematical 
description of philosophical concept, the description 
method of formal concept. The theory of concept 
lattice is the core data structure in formal concept 
analysis theory is a powerful mathematical tool, 
knowledge discovery and data analysis. Because the 
concept lattice is good mathematical properties and it 
is suitable for batch processing characteristics. 
Concept lattice and parallel processing problem for 
distributed memory parallel distributed data can be 
said to be the ideal tool [7]. So the study of concept 
lattice model has very important theory meaning. 

Formal concept analysis is a mathematical 
treatment of the philosophical concept, is a way for 
people to organize and analyze data, the data 
dependencies and its structure, nature and a 
description of the image. In formal concept analysis, 
concept is understood by the connotation and 
extension of two parts. The concept refers to the set 
of all objects belonging to the concept, connotation 
refers to all these objects are the common features (or 
attributes) set, as is shown by Fig. 2. 
 
 

 
 

Fig. 2. Using concept lattice to build smart sensors. 
 
 

Smart sensor function is through coordinated 
action simulation of human senses and the brain, and 
proposed to combine and practical experience of 
testing technology for long time [8]. Is a relatively 
independent intelligent unit, the appearance of the 
original hardware performance demanding mitigated, 
and rely on the software can help greatly improve the 
performance of the sensor. Intelligent sensor now has 
not only visual, touch, hearing, taste, and storage, 
logical thinking and judging ability of artificial 
intelligence. 



Sensors & Transducers, Vol. 153, Issue 6, June 2013, pp. 75-83 

 79

Resolution refers to the sensor can detect the 
smallest input increment. Some sensors, when the 
continuous change of input, resolution refers to the 
smallest input increment output sensor can detect 
only as a step change, input amount of each 
"resolution is the output step" represents the size of 
the. The resolution expressed in absolute values, with 
percentage and full-scale representation called 
resolution input near zero in sensor resolution. 
Resolution called threshold of sensitivity. Threshold 
sensitivity refers to the ability to distinguish input 
near zero. Threshold sensitivity -- refers to the ability 
to distinguish input near zero. Refer to resolution 
input near zero. 

The future development direction of intelligent 
sensor network is it. Because from the perspective of 
development, the future of single sensor is 
independent of the occasion will be less and less, to 
control the measurement of multiple parameters and 
multiple objects, more is the application of multi-
sensor system. Exchange measurement and control 
information in the underlying mainly through the 
field bus, high-level data exchange is mainly through 
the Internet network to realize [9]. In order to meet 
the exchange between the multiple sensor 
information, sensor design software will occupy the 
main status, a software object is no longer a single 
object before, but the entire system, the output of the 
digital signal is in line with a certain protocol format. 
Through the network can be achieved between the 
sensor and sensor, sensor and actuator, sensor and 
system between the data exchange and sharing 
between. 

Each node of the concept lattice is a formal 
concept, is composed of two parts: the extension, 
namely examples covered concept; connotation, 
namely, the description of the concept, the common 
characteristics of concept cover instances. In 
addition, concept lattice by Hasse figure vividly and 
concisely reflects the generalization and 
specialization relations between these concepts. And 
concept lattice has been applied in information 
retrieval, digital library, software engineering and 
knowledge discovery. In the field of knowledge 
discovery, concept lattice can be constructed from the 
relational data, and then the kinds of knowledge can 
be extracted from the concept lattice, such as the 
implication rules, association rules, and classification 
rules. 

The smart sensor is a rapidly developing research 
area, it will inevitably make the current medical, 
industrial, aerospace, and consumer goods, space 
research, manufacturing and many other practical 
problems have great changes. At present stage, 
although the popular intelligent sensor based on 
micro computer, the intelligent sensor based on smart 
materials, namely the biosensor is still in the initial 
stage, but due to the interaction of relations of 
production and productivity, the intelligent sensor is 
the future development direction of sensor, it brings 
to all sectors of the benefits will be enormous. 
 

3. Application of Ontology Technology  
in Building Smart Sensors System 

 

Multi-sensor fusion is the best comprehensive use 
multi-sensor information, the intelligent system can 
complete the information required to complete a 
specific task. Multi-sensor information fusion refers 
to the multi-sensor information integration process 
are combined, the formation of an expression of a 
feature on the environment. Multi-sensor information 
has the following four characteristics: information 
redundancy, information complementary, real-time 
information, information of low cost. Fusion of 
multisensor integration and information in industrial 
robots, military, aerospace, multiple target tracking, 
navigation and remote sensing and other fields have a 
wide application prospect, for the promotion of the 
robot to the intelligent, autonomous development has 
a very important role. 

Intelligent sensor and microprocessor combined, 
using computer software programming advantages, 
realize information processing of measurement data 
mainly includes the following two aspects: the 
calculation of nonlinear correction, compensation, 
calibration using software, and improve the precision 
of the sensor, repeatability. Signal filtering software, 
such as the fast Fu Liye transform, short-time Fu 
Liye transform, wavelet technology, simplify the 
hardware, improve the signal to noise ratio, improve 
the dynamic characteristics of sensor. Application of 
artificial intelligence, neural network, fuzzy theory, 
so that the sensor has higher intelligent analysis, 
judgment, self learning functions. 

Calman filter for low level redundant real-time 
dynamic integration of multiple sensor data, the 
method using the statistical characteristics of the 
measurement model of recursive optimal decision 
fusion data in statistical estimation. Calman filter for 
the multi-sensor information fusion field comprises: 
using image sequence of target recognition, target 
tracking, robot navigation, inertial navigation, remote 
sensing etc.. Any of a sensor node failure does not 
cause the system failure, so the failure of the 
decentralized sensing structure of sensor and 
information processing unit has strong robustness and 
fault tolerance, as is shown by equation 5 [10]. 
 

 
 0

0 0
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dp t
p t u p t
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(5) 

 

The representation of ontology has a variety of: a 
simple representation represents only a concept, has 
expressed the concept and attributes of the 
framework and semantic network, and can express 
richer semantic logic representation. The ER model 
and the UML class diagram can also be considered a 
body expression. But generally speaking, these 
ontology representations basically belong to the two 
classes: the expression of non - logic and ontology. 
From the concept of the classification, non logical 
expression is convenient but reasoning must be 
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implemented by the users themselves, logical 
expression can be clearly described by the predicate 
calculus. 

The detection principle of the new, through the 
micro mechanical precision machining process 
design model, which can reflect the complete 
information of the measured object, one of the 
important technical approaches which is intelligent 
sensor. For example, a vibration sensor is to use this 
way to realize the intelligent sensor [11]. In vibration 
engineering is usually comprehensive effect of 
multiple modes of vibration, commonly used 
analytical method of vibration spectrum analysis. 
Because the sensor is at different frequency 
sensitivity and it is bound to cause the distortion 
analysis. The micro mechanical processing 
technology, can make extremely fine groove, groove, 
hole, film, cantilever beam, resonant cavity on the 
silicon wafer, constitute the performance excellent 
micro vibration sensor. 

Advanced based on the neural network fusion 
method with adaptive reconfiguration method is 
tolerant of a sensor failure system. Multiple sensor 
neural network integration has the following 
characteristics: with a unified and fusion based on 
internal knowledge representation, through learning 
methods can be fused sensor information network, 
related network parameters (such as the connection 
matrix, node offset vector), and the knowledge rules 
are converted into digital form, then to establish 
knowledge base. The use of external environment 
and it is easy to realize automatic knowledge 
acquisition and associative inference. The 
complicated relationship will be uncertain 
environment, through learning and reasoning, 
accurate signal fusion system could understand. 
Because the ability of neural network with large scale 
parallel processing of information, making the system 
information processing speed, as is shown by 
equation 6. 

 
  ( ) ( ) ' ( )x a x a       (6) 

 
GLUE is a use of machine learning techniques, 

the semi-automatic creation of mapping system, in 
heterogeneous ontologies in ontology, the 
requirement of GLUE system looks like a concept 
classification. Although the developers have also 
talked about GLUE can be matched to solve a wider 
range of, even including the relationships and 
attributes, also involves a complex mapping (such as 
1 for N and N on the 1 map), but GLUE is mainly 
devoted to mapping to solve the classification system 
concept of 1 to 1. 

The measured temperature signals from the 
sensing element received non electric analog, to 
convert between microprocessor digital signal 
processing, more line link designers must consider 
the number of relevant components, temperature 
measuring device to fall, then the impact of product 

reliability and volume reduction. So, because of 
various kinds of factors will cause large error in 
transmission detection system; and because the 
detection environment is complex, multiple 
measuring points, signal transmission distance and all 
kinds of disturbances, the system will detect the 
stability and reliability of decline. Distributed optical 
fiber temperature measurement system for detecting 
principle of distributed optical fiber temperature 
measurement system is to measure optical parameters 
of optical fiber transmission using optical modulation 
and demodulation, detection of the optical signal 
modulation, which was a scheme to be measured. 

Virtual instrument is a computer as the core 
hardware platform, by a computer instrument system 
design; user defined with virtual front panel, the test 
function is implemented by software. The basic idea 
is that in a test or instrument design with software 
instead of hardware as far as possible, namely 
"software is instrument". In short, the VI system is 
composed of computer, application software and 
hardware [12]. The user can through a friendly 
graphical interface (here called the virtual front 
panel) to operate a computer, a single traditional 
instruments like the same operation function, as is 
shown by equation7. 
 

     *
: , , ,g G M I g      B  (7) 

 
In order to distribution can accurately reflect the 

temperature of space, and 8 points on the measured 
environment temperature collection. Each point 
temperature acquisition is composed of DS18B20 
and single chip microcomputer. 8 bits microprocessor 
AT89S51 chip with low power, high performance 
CMOS KB structure of 4 Flashes erasable read-only 
memory and its interior is equipped with 4 K in 
addition to FLASH, also has 128 bytes of RAM,  
2 16 timers / counter. 

Ontology building label and Web documentation 
tags. XOL appeared in 1999, is a kind of can only 
express concepts, taxonomy and two parts between 
languages, and does not contain any reasoning 
mechanism. XOL is mainly designed for the biology 
domain ontology exchange. OML is based on the 
concept of a graph (conceptual graphs) and 
description logic language, can be used to express a 
concept, taxonomic relations and based on first order 
predicate reasoning. 

Smart sensor is a micro processor, sensor with 
information detection, information processing, 
information memory, logical thinking and judging 
function [13]. To determine the primary factor in 
whether the sensor intelligent is its accuracy, at the 
same time, it should also have good reliability and 
stability. The sensor can be digital filtering 
processing, filter out useless data, and resolution in 
multiple parameters on specific parameter 
measurement. 
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4. Development of Smart Sensors System 
Based on Formal Concept Analysis 
and Ontology Model 
 
The smart sensor consists of sensors, 

microprocessors and related circuit. Conversion of 
physical quantity sensor will be tested into a 
corresponding electrical signal, to signal conditioning 
circuit, filter wave, amplifier, and analog-to-digital 
conversion, sent to the micro computer [14]. The 
computer is the core of intelligent sensor; it is not 
only computing, storage, data processing of sensor 
data, but also through the feedback loop to adjust the 
sensor. Because the computer give full play to 
various software functions can complete the 
hardware to complete the task, thereby greatly 
reducing the sensor manufacturing difficulty, 
improve the performance of the sensor, reduce costs. 

The system software is programmed by C++ 
language, use Keil C to debug. NRF2401 has 4 kinds 
of working mode, namely the transceiver mode, 
configuration mode, idle mode and power-down 
mode. The model is composed of PWR_UP, CE and 
CS three pins, as shown in Table 4 work modes are 
given in the 1 nRF2401 chip. The transmit power, 
nRF2401 chip operating frequency of all the work 
and all through the software settings completed. Can 
the 540 configuration bits for the initial TM 
configuration to nRF2401 through the DATCLK1 
serial input before the system work. NRF2401 has  
2 kinds of communication mode: Shock Burst and 
DirTM [15]. The work can be automatically in Shock 
Burst mode, nRF2401 data, CRC and so on, to the 
external programming work less, and make the 
nRF2401 on-chip FIFO. 

GLUE uses a disposable method in determining 
similarity between classification trees. This means 
that no user intervention in this matching process. 
Users can only use the output matching process as a 
result of the foundation of ontology mapping. In 
other words, GLUE performs a mapping process "for 
similarity" this step, but repeat this procedure does 
not provide support. The applicability of the GLUE 
application case: provide assistance in creating 
ontology mapping, this means that the GLUE's job is 
to enable users to more easily find two based on the 
similarity of concept instances in the ontology, as is 
shown by equation 8. 
 

        
a

b
e

a

b
xkx ak 






  11 01  (8) 

 
Formal concept analysis should first start from the 

construction of formal context, formal context gives a 
formal description of a domain knowledge, reflects 
the relationship between objects, attributes and their. 
If the said object set, B attribute set with A, R can 
express the relationship between objects and 
attributes, three byte A, B, R called a formal context. 

Smart sensor consists of sensor, A/D converter, a 
signal processor, memory (or register) and interface 
circuit. Some products with multi channel selector, 
the central controller (CPU), random access memory 
(RAM) and read-only memory (ROM). 
Characteristics of intelligent sensor can output 
measurement data and related control quantity, 
adapting various micro controller (MCU); and it is to 
realize test function through software on the basis of 
the hardware, the development level of its 
intelligence depends on software [16]. 

Smart sensor has the following advantages: (1) 
compensation function: the nonlinear error, 
temperature change and the signal detection in the 
process of zero drift and sensitivity drift, the response 
time delay, noise and cross induction effect 
compensation function; the self-diagnosis function: 
switch on the power system self-check, realize 
operation of self when the system works, self 
diagnosis system failure, determine the location and 
fault; (2) self-tuning function: setting and checking 
system parameters, automatic range test of the 
conversion, the measured parameters of the automatic 
operation; the automatic data storage, analysis, 
processing and transmission. 

Application of software MPLAB 8.33 
programming environment, it is using C language to 
program in programming, modular design. The 
software part mainly includes: (1) the main program; 
(2) USART communication subroutine; (3) the AD 
sample program; (4) the interrupt subprogram 
module program. Part of the program code is as 
follows. 

(1) IF inf(L) = (, ) THEN； 
(2) IF f*({x*})Intent(inf(L)) THEN 

IF Extent(inf(L))= THEN  
Intent(inf(L)):=Intent(inf(L))f*({x*}) 

(3) W=upperchild(upper) ∩lowfather(low); 
(4) Rel(C) * Relatt(C)+ * Relobj(C)； 
(5) Int := Intent(C) f({x*}))； 
(6) if Rel(g1，g2)< Rel(C) then 
(7) Rel(g1，g2)  Rel(C); 
(8) FOR nolayer[j++] nolayer 
(9) For m←1 to Length(CA)/objnum; 
(10) Cn:= (Extent(C){x*}, int); 
The main design idea of the system is used to 

construct the FCA, combined with the show. The use 
of the popular, powerful programming language VCS 
2005, with reference to the currently popular 
ontology building tool Protégé-2000 for classes, 
attributes and attribute values naming method for 
ontology engineer, bulk operations, to achieve a 
variety of functions of smart sensors system. Smart 
sensors communication way is through the RS-485 
interface, using Modbus protocol, data 
communication mode using RTU model. Modbus 
RTU protocol defines the architecture, command 
message data, as is shown by Fig. 3. 

The paper proposes development of smart sensors 
system based on formal concept analysis and 
ontology model. The overall microprocessor smart 
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sensor hardware part is constituted by: the 
PIC16F657 microcontroller, 31.0592MHz crystal, 3 
TLP221 five DIP switches and the corresponding 
circuit. Selected core microcontroller PIC16F687 has 
the following advantages: 2348 words FLASH 
program memory, 258 bytes of data memory 

(SRAM) 256 bytes of EEPROM data memory, 11 
interrupt sources 8-level deep hardware stack, 
internal watchdog timer, low-power power-saving 
sleep mode, with three external timer module, two 
26-bit capture / 16/10 of the comparator PWM 
module, 54-bit to 24-Channel A/D conversion device.  

 
 

 
 

Fig. 3. Comparison results of development smart sensors system based on formal concept analysis with ontology. 
 
 

Smart sensor technology innovation is reflected 
in: RS-385 bus and Address Number adjustable 
advantage to achieve centralized control station 
transceiver, on-site alignment clear, with a strong 
practical application. Go on-site installation, 
commissioning draw: 20-100ms response time can 
ensure reliable communication rate, plus relay 
communication distance up to 5000m, power 
consumption 0.1W, and bus work stable and at the 
same time into the 30 node. Long test run showed 
that stable, communications, the data interactive real-
time, low power consumption, anti-interference 
ability and has a wide range of versatility, can meet 
the on-site applications for real-time and reliability 
requirements. 
 
 

6. Conclusions 
 

The smart sensor is the product of the 
combination of one or more sensitive components, 
precision analog circuits, digital circuits, 
microprocessor (MCU), communication interface, 
intelligent software systems and hardware integration 
in a packaging component. Type of sensor with data 
acquisition is data processing, data storage, self-
diagnosis, self-compensation, calibration, logic, two-
way communication, digital output / analog output 
function, which greatly improves the accuracy of the 
sensor, stability and reliability. The formal concept 
analysis technology into the construction of ontology, 
can help to get some abstract concepts and relations 
between concepts from the field, and the 
representation of ontology in the concept lattice, with 
lattice to represent concepts compared tree is easier 
to understand and can be used to construct the 
intelligent sensor system, can improve the effect of 
the intelligent sensor. 
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Abstract: Mining frequent item sets is a major key process in data mining research. Apriori and many improved 
algorithms are lowly efficient because they need scan database many times and storage transaction ID in 
memory, so time and space overhead is very high. Especially, they are lower efficient when they process large 
scale database. The main task of the improved algorithm is to reduce time and space overhead for mining 
frequent item sets. Because, it scans database only once to generate binary item set array, it adopts binary 
instead of transaction ID when it storages transaction flag, it adopts logic AND operation to judge whether an 
item set is frequent item set. Moreover, the improved algorithm is more suitable for large scale database. 
Experimental results show that the improved algorithm has better efficiency than classic Apriori algorithm. 
Copyright © 2013 IFSA. 
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1. Introduction 
 

Mining association rule is one of the key 
problems in data mining research. Association rules 
can show the relationships between data items. So, it 
is widely used in commercial, organizational, 
administrative and other domains [1-2]. Mining 
association rule must firstly discover frequent item 
set, so, discovering frequent item sets has been 
studied popularly. In recent times, with the 
development of electronic information, size and 
number of available databases are explosive growth 
[3]. The most challenging in database mining is 
developing fast and efficient algorithms, these 
algorithms can deal with large scale database.  

 
 

1.1. Apriori Algorithm 
 
The Apriori [4] algorithm is the most well known 

association rule algorithm and it is used in most 

commercial product. The basic idea of this algorithm 
is to scan database to generate candidate item sets 
and then scan database again to determine whether 
candidate item set is frequent item set. So, the 
problem of Apriori algorithm is scanning database 
many times. It is too inefficient when database scale 
is large. Therefore, many improved algorithms were 
proposed after Apriori algorithm for improving 
efficiency and scalability.  

 
 

1.2. Literature Review on Mining  
Frequent Itemset 

 
Since Agrawal put forward Apriori [4] algorithm 

in 1993, many improved algorithms [5-7] have been 
proposed. But the main limitation of these algorithms 
is the need to scan database many times to generate 
frequent item sets and to generate a huge amount of 
candidate item sets. 
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FP-growth algorithm [8] mines frequent patterns 
without candidate generation. The algorithm must 
recursively mine conditional patterns and conditional 
FP- tree to generate frequent item sets, and other 
problem is no common prefixed within the data items.  

Sample algorithm [9] reduces the scanning 
database time, because it scans database one time, but 
wastes amount of considerable time on candidate 
itemsets.  

Hash table algorithm [10] adopts a hash table 

technology, it determines '
1kC according to Ck and 

stores '
1kC  in appropriate hash.  

The Partition algorithm [11] is to reduce scanning 
database times and improve efficiency, database is 
divided into many sub-libraries into memory, 
respectively mining local frequent patterns of each 
sub-library, and then all local frequent patterns are 
candidate item sets. Finally it determines whether a 
candidate item set is a frequent item set by scanning 
database again. Partition algorithm may exacerbate 
the problem of combinatorial explosion because of 
too many candidate item sets. 

Compression transaction algorithm [12] scans 
database and maps data to binary matrix, which 
generates frequent 1-itemset by binary matrix and 
corresponding auxiliary matrix multiplication, and so 
on other frequent itemset. The efficiency of the 
algorithm is lower because matrix multiplication 
spent more time. 

Literature [13] mines two frequent itemsets and 
maximum frequent itemsets by building two support 
matrices, but its time complexity and its space 
complexity are very high.  

Taxonomy superimposed graphs is frequent 
patterns in this new graph model, there may be many 
patterns that are implied by the specialization and 
generalization hierarchy of the associated node label 
taxonomy [14]. 

Any kind of information is able to be representing 
as graphs of graph databases, where changes in data 
can be possible for naturally accommodation [15, 16]. 

Literature [17] mines two frequent itemsets and 
maximum frequent itemsets by building two support 
matrices, but its time complexity and its space 
complexity are very high.  

DFS algorithm in Literature [18] can generate 
errorous frequent itemsets.  

Literature [19] proposes Apriori_M algorithm, 
which still scans database two times. 

Patition and reduction is adopted by many 
algorithms [20-22]. 

According to the above algorithms, this paper 
puts forward an improved algorithm to overcome the 
above said limitations. The improved algorithm need 
scan database only once, which can reduce the space 
overhead. The improved algorithm generates binary 
item sets array to find frequent item set, which saves 
memory space. The improved algorithm produces 
frequent itemsets by logic AND operation, which 
improves the efficiency of mining frequent itemsets. 

2. Relevant Definition and Property 
 
Association rules’ concept was first proposed by 

Agrawal. Mining association rule is an important 
research in the data mining. The concept of 
association rules as follows: 

Definition 1 D is a transaction database, let  
D = {T1, T2, …, Tn}, where Ti is an identifier which 
be associated with each transaction, I is a set of items 
in D, let I＝{I1, I2, Im}, where Ti (1≤i≤n) contains a 
set of items in I, each transaction exists a flag, 
denoted as TID. Let A be an itemset, if A⊆Tj, then Tj 
contains A. 

Definition 2 X is an item set, the support of X is 
the proportion of transactions in D which contain X, 
denoted as sup(X); if sup(X) ≥min_sup, min_sup is 
the minimum support threshold, then X is a frequent 
item set, otherwise X is a infrequent item set.  

Definition 3 An item set contains k items, so it is 
called k-itemset, if X is a k-itemset and sup(X) 
≥min_sup, then X is called frequent k-itemset. All 
frequent k-itemsets set is called frequent k itemset, 
denoted as Lk. 

Definition 4 Ii (1≤i≤m) is an itemset, the binary 
array of Ii is denoted as Ai. All itemsets are sorted by 
lexicographic order. 

Definition 5. All items of frequent k itemset are 
sorted by lexicographic order, if the former k-1 items 
are same in two k itemsets, these two k-itemsets are 
called connected item sets. 

Definition 6 Let X, Y be itemset, there exists XI, 
YI, and X∩Y=.The implication of the form 
X=>Y is called an association rules. 

Let X be an item set, if there exists  
sup(X) ≥ min_sup and XY for any item set Y, 
sup(Y) < min_sup, then X is called the maximum 
frequent item set. 

Property 1 If X is a frequent item set, then any 
subset of X must be a frequent item set; if X is not a 
frequent item set, then any super set of X must be not 
a frequent item set. This property can be inferred 
from the property of Apriori. 

Generally most of the algorithms are executed in 
two steps. First step, mining frequent itemsets; 
second step, generating association rules. In the two 
steps, mining frequent item sets is more difficult than 
generating rules. 

 
 

3. The Improved Algorithm Description 
 

3.1. Algorithm Relation Concept 
 
It is a chance to overcome the shortcomings of the 

previous algorithms; the improved algorithm scans 
the database only once. The improved algorithm 
establish that generating all frequent itemsets is 
available by producing binary item set array which is 
used to simplify the process of generating frequent 
itemsets. 
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The binary item set array and matrix important in 
the improved algorithm, matrix is constructed in 
sequential numbers where the rows represent items 
and the columns represent items, so we only need 
storage upper matrix. The improved algorithm is to 
reduce time for scans database only once to generate 
matrix as a two dimensional array. 

First, scanning the database to construct binary 
item set arrays and upper triangular matrix. 
According to the definition of 1, 2 and 3, we generate 
binary array for each item, for item Ii (1≤i≤m), if 
Tj(1≤j≤n) contains Ii, then Ai[j] will be set to 1, 
otherwise will be set to 0. So there have m binary 
item set arrays, each array’ length is the number of 
transactions in D, the improved algorithm adopts 
binary to storage 1 and 0 to reduce space overhead. 

Second, constructing the upper triangular matrix 
at the same time generating binary item set arrays; 
the upper triangular matrix for D is defined as 
follows: 

1) The rows represent the item set of database 
I={I1, I2,…, Im}, the columns also represent items. 

2) The value of the coordinates UTM [i,j] in the 
upper triangular matrix represent the number of 
transactions which contains item set {Ii, Ij}(i≤j) in D. 

The pseudo code for constructing binary item set 
array and upper triangular matrix is given below: 

 
for each transaction Tj in D  
begin 
 if item Ii is present in Tj then  
  Ai[j]=1; 
else  
Ai[j]=0; 
sort all item sets in Tj by lexicographic order 
 for (∀{Ik, Il}⊆ Tj) 
UTM [k, l] plus 1; 
end 
 
When scanning the database, all items of each 

transaction are sorted by lexicographic order, each 
item set {Ik, Il}(k ≤l) is contained by transaction, the 
coordinate value UTM (k,l) in the upper triangular 
matrix plus 1. 

Finally, we count the number of 1s in array Ai 
(1≤i≤m), if the number of 1s in Ai is greater than or 
equal the minimum support threshold, then modify 
the value of coordinate UTM[i,i], otherwise, delete 
row i and column i in UTM and delete binary item set 
array Ai in binary item set arrays. Finally we get new 
binary item set arrays and new UTM. 

The structure of the upper triangular matrix UTM 
is shown in Table 1. 

 
 

Table 1. Upper Triangular Matrix UTM. 
 

 I1 I2 I3 … Im 
I1 I11 I12 I13 … I1m 
I2  I22 I23 … I2m 
…   … … … 
Im     Imm 

The structure of binary item set array is shown  
in Table 2. 

 
 

Table 2. Binary Item set Array. 
 

Array Name Array Value 

A1 
The number of 1 or 0,the count  
of numbers is n 

A2 
The number of 1 or 0,the count  
of numbers is n 

… … 

Am 
The number of 1 or 0,the count  
of numbers is n 

 
 

3.3. Algorithm Idea 
 
How to generate candidate itemsets by the upper 

triangular matrix UTM and binary item set array. All 
items of the rows in UTM are frequent 1-itemset, but 
we can easily get frequent 2-itemset from UTM, so 
all frequent 1-itemset are useless. The value of 
coordinate UTM[i,j](i≤j) is the support of item set 
{Ii,Ij}, if the value of coordinate[i,j](i≤j) is not less 
than the minimum support threshold, then item set 
{Ii,Ij} is frequent itemset, because item set {Ii,Ij}(i≤j) 
in UTM has two items, so all item sets that it’s 
coordinate value is greater than or equal the 
minimum support threshold are frequent 2-itemset. 
So we can easily get frequent 2-itemset L2 by 
traversing the UTM. The pseudo code for generating 
frequent 2-itemset L2 is given below: 

 
for (int i=0;i<m;i++) 
for (int j=i;j<m;j++) 
if (the value of the coordinates [i,j] in UTM≥the 

minimum support threshold) 
add { Ii,Ij } to L2; 
 
We continually generate frequent k-itemset by 

using frequent 2-itemset L2. All items in each itemset 
of L2 are sorted by lexicographic order. Firstly, 
generating candidate itemset C3 according to frequent 
2-itemset L2, all itemset in L2, if there exists {Ii,Ij} 
and {Ii,Ik},according to definition 5, they are 
connected items, if the value of the coordinates [j,k] 
in UTM is not less than min_sup, then we get item 
set {Ii,Ij,Ik} by connecting {Ii,Ij} and {Ii,Ik}, we will 
add item set {Ii,Ij,Ik} to candidate 3-itemset C3, 
otherwise, {Ii,Ij} and {Ii,Ik} can not be connected. We 
will continue to find candidate itemset by using 
connected items and UTM until no-connected item 
can be found. 

Followed by analogy, generating candidate  
k+1-itemset by candidate k-itemset, each candidate  
k-itemset X in Ck, from the position X in the Ck after 
codes in order of X k-1-item start other candidate  
k-itemsets find such a candidate k-itemset Y ,connect 
the last label Ir of X and the last label Il of Y to form a 
matrix coordinates [r, s] and find the value of 
coordinates [r,s] in the matrix of the UTM, if the 
value is not less than the minimum support, then 
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connect the X and Y to generate candidate k +1 
itemset, otherwise no connection, we continue to find 
other connected items until settle the last k-itemset in 
Ck. Continue indefinitely, until it can no longer 
generate the candidate projects set. We can generate 
candidate k+1-itemset Ck+1 from candidate k-itemset 
Ck by using the same method. K is not greater than 
the max length of transaction in D. 

How to verify that a candidate item set is a 
frequent item set. All candidate itemsets {C3,…, 
Ck}(k≥3), we judge each candidate itemset in 
accordance with the order from Ck to C3 in order to 
reduce time overhead. First any item set in Ck, 
Ck={Ii,Ij,...Il}(i≤j≤...≤l), binary item set array 
corresponding to each item logic AND operation, that 
is Ai&Aj&...&Al, if the number of 1s in the result is 
greater than or equal the minimum threshold, then the 
candidate itemset is frequent itemset, add it to 
frequent itemset, according to property 1, we will add 
all subsets of the frequent itemset in all candidate 
itemsets to frequent item set and delete these subsets 
from all candidate itemsets; otherwise, delete the 
candidate itemset from candidate itemsets. We will 
continue to verify candidate itemset until candidate 
itemset is empty. 

 
 

3.4. Algorithm Pseudo Code 
 

The improved algorithm has two important 
steps in finding frequent itemset:generating candidate 
k+1-itemset Ck+1 from candidate k-itemset Ck and 
verifying that a candidate item is a frequent itemset. 
So we introduce these two algorithms. 

Firstly introduce generating candidate itemsets 
algorithm, generate candidate k+1 itemset Ck+1 from 
candidate k itemset Ck by using connected item 
concept. 

 
Input:UTM, Ck, minimum support threshold 

min_sup; 
Output:candidate k+1 itemset Ck+1; 
Ck+1=; 
if (k+1 is not greater than the max length of 

transaction in D) 
{ 
Sort all itemsets in Ck by lexicographic order; 
Sort all items in each candidate itemset by 

lexicographic order; 
for (each itemset X of Ck) 
{ 

for (all Y after X in Ck)  
{  

if(X and Y are connected items according 
to definition) 

{ 
  l= subscript of section k item Il in X; 
  m= subscript of section k item Im in Y; 
  t=coordinate [l,m]; 
  count=the value of t in UTM 

if (count≥min_sup) 
{  

A=XUIm; 
Ck+1=Ck+1∪A; 

//add A to candidate k+1 itemset 
} 

} 
  } 
} 

} 
 
Secondly introduce generating frequent itemset 

algorithm, verify each candidate itemset of candidate 
itemsets{C3,…,Ck}(k≥3) by using binary item set 
array logic AND operation. 

 
Input: {C3,…,Ck}(k≥3), Ai(1≤i≤m) 
Output:frequent itemset FSD 
FSD=; 
FSD=FSDL2; //add L2 to FSD 

//verify each candidate itemset from Ck to C3 in 
order 

int i=k; 
while (i≥3) 
{ 

while (Ci is not null, ∀X∈Ci) 
{  

find all items of X={Il,…,Is}(s≥l) 
corresponding binary array from binray 
item set arrays 

  B=Al&…&As; 
  count= counting the number of 1s in B； 
  if (count≥min_sup) 
  { 

    FSD=FSD∪X; 
   //according to property 1 

for(any subset of X in candidate 
itemset Cj�{C3,…,Ck}(k≥3)) 

for (each itemset Y in Cj) 
  if (Y is a subset of X) 
{  
  add Y to FSD; 
  delete Y from Cj; 

} 
} 
else 
delete X from Ci; 

} 
i--; 

} 
 
 

4. Algorithm Example 
 
Here, considering an example the suspect dataset, 

as to predict task whether a suspect is robbery, that 
suspect's data attributes are name, sex, age, education, 
work, race, marrital-status, law-case, crime-mode, 
which are mainly taken for analysis. 

Initially an original transaction database consists 
of four tables, the data structure of the tables is 
suspect (name, sex, age, education, work, race, 
marrital-status, law-case, crime-mode) 
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education(ID,Name) 
work(ID,Name) 
law-case(ID,Name) 
 
Before preprocess suspect dataset, select twenty 

transaction items, this paper deletes name, sex, race, 
marrital-status, crime-mode column in order to 
simple analysis, only remains age, education, work 
and low-case columns, analyzing their relations. 
Initial suspect data is shown in Table 3. 

 
 

Table 3. Initial suspect data. 
 

TID Age Education Work Law-case 
T1 49 1 1 1 
T2 22 3 2 2 
T3 17 2 1 1 
T4 29 1 2 3 
T5 17 2 1 3 
T6 39 1 1 3 
T7 28 2 2 1 
T8 41 1 1 1 
T9 27 1 2 3 
T10 13 1 1 3 
T11 30 3 2 2 
T12 15 2 1 1 
T13 16 2 1 1 
T14 42 1 2 1 
T15 33 1 1 3 
T16 17 2 1 2 
T17 46 1 1 1 
T18 25 3 2 1 
T19 12 2 1 3 
T20 19 1 1 1 

 
 
In Table 3, the value of education column is 

corresponding to ID in education table, the value of 
work column is corresponding to ID in work table, 
the value of low-case column is corresponding to ID 
in low-case table. In order to analysis, process each 
attribute, for example, the value of age column is 
number, which is not analyzed, so discrete age 
attribute, other attributes are respectively processed. 
Relational database attribute value and transaction 
data concentration project correspondence is shown 
in Table 4. 

According to Table 4, transfer each transaction of 
suspect dataset in Table 3, for example, the value of 
age column is 49 in T1,49>18, satisfies I3, so T1 
contains I3. All values of suspect data are are 
processed in this method. Transferred suspect data is 
shown in Table 5. 

According to the improved algorithm, we 
construct UTM and binary item set arrays, suppose 
the minimum support threshold is 3, that is, min_sup 
is 3, by counting the number of 1s in each array is 
determined the support for each 1 itemset, as follows: 
support({I1})=2,support({I2})=5, support({I3})=13, 
support({I4})=10, support({I5})=7, support({I6})=3, 
support({I7})=13, support({I8})=7, support({I9})=10, 

support({I10})=3, support({I11})=7, according to the 
definition of frequent itemset, thus the frequent 1 
itemsets are {{I2},{I3},{I4},{I5},{I6},{I7},{I8},{I9}, 
{I10},{I11}} as their supports are not less than the 
minimum support threshold. But {I1} is not frequent 
1 itemset as its support is less than the minimum 
support threshold. So delete row I1 and column I1 
from UTM and delete A1 from binary item set arrays 
at the same time in order to save time overhead. 
UTM has 11 rows and 11 columns. There have 11 
binary item set arrays. Finally, UTM for suspect 
dataset is shown in Table 6, binary item set arrays for 
suspect dataset is shown in Table 7. 

 
 

Table 4. Attribute and transaction item project. 
 

ID Name Item 
 age   

1 ≤14 I1 
2 14<Age≤18 I2 
3 >18 I3 
 education  

1 illiteracy I4 
2 primary and middle I5 
3 high and over 6 
 work  

1 unemployed I7 
2 employed I8 
 law-case  

1 robbery I9 
2 kill I10 
3 steal I11 
… … … 

 
 

Table 5. Transferred suspect data. 
 

TID Item 
T1 I3, I4, I7, I9 
T2 I3, I6, I8, I10 
T3 I2, I5, I7, I9 
T4 I3, I4, I8, I11 
T5 I2, I5, I7, I11 
T6 I3, I4, I7, I11 
T7 I3, I5, I8, I9 
T8 I3, I4, I7, I9 
T9 I3, I4, I8, I11 
T10 I1, I4, I7, I11 
T11 I3, I6, I8, I10 
T12 I2, I5, I7, I9 
T13 I2, I5, I7, I9 
T14 I3, I4, I8, I9 
T15 I3, I4, I7, I11 
T16 I2, I5, I7, I10 
T17 I3, I4, I7, I9 
T18 I3, I6, I8, I9 
T19 I1, I5, I7, I11 
T20 I3, I4, I7, I9 

 
Table 6. UTM for suspect dataset. 
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Item I2 I3 I4 I5 I6 I7 I8 I9 I10 I11 
I2 5 0 0 5 0 5 0 3 1 1 
I3  13 9 1 3 6 7 7 2 4 
I4   10 0 0 7 3 5 0 5 
I5    7 0 6 1 4 1 2 
I6     3 0 3 1 2 0 
I7      13 0 7 1 5 
I8       7 3 2 2 
I9        10 0 0 
I10         3 0 
I11          7 

 
 

Table 7. Binary item set arrays for suspect dataset. 
 

Array Value 
A2 {0,0,1,0,1,0,0,0,0,0,0,1,1,0,0,1,0,0,0,0} 
A3 {1,1,0,1,0,1,1,1,1, 0,1,0,0,1,1,0,1,1,0,1} 
A4 {1,0,0,1,0,1,0,1,1,1,0,0,0,1,1,0,1,0,0,1} 
A5 {0,0,1,0,1,0,1,0,0,0,0,1,1,0,0,1,0,0,1,0} 
A6 {0,1,0,0,0,0,0,0,0,0,1,0,0,0,0,0,0,1,0,0} 
A7 {1,0,1,0,1,1,0,1,0,1,0,1,1,0,1,1,1,0,1,1} 
A8 {0,1,0,1,0,0,1,0,1,0,1,0,0,1,0,0,0,1,0,0} 
A9 {1,0,1,0,0,0,1,1,0,0,0,1,1,1,0,0,1,1,0,1} 
A10 {0,1,0,0,0,0,0,0,0,0,1,0,0,0,0,1,0,0,0,0} 
A11 {0,0,0,1,1,1,0,0,1,1,0,0,0,0,1,0,0,0,1,0} 

 
 
We can easily get frequent 2 itemsets from UTM, 

if the value of coordinates UTM [i,j] is not less than 
min_sup, then {Ii, Ij} is frequent 2 itemset. Traversal 
matrix, the frequent 2 itemsets L2 will 
be:{{I2,I5},{I2,I7},{I2,I9},{I3,I4},{I3,I6},{I3,I7},{I3,I8},
{I3,I9},{I3,I11},{I4,I7},{I4,I8},{I4,I9},{I4,I11},{I5,I7},{I5,
I9},{I6,I8},{I7,I9},{I7,I11},{I8,I9}}, their supports are 
equal and above 3. 

Next generating candidate 3 itemsets from L2, the 
max length of transaction is 4, 3<4, so generate 
candidate 3 itemsets according to algorithm which is 
generating candidate k+1 itemsets from k itemsets. 
After executing algorithm, we get candidate  
3 itemsets, as follows: C3={{I2,I5,I7},{I2,I5,I9}, 
{I2,I7,I9},{I3,I4,I7},{I3,I4,I8},{I3,I4,I9},{I3,I4,I11}, 
{I3,I6,I8},{I3,I7,I9},{I3,I7,I11},{I3,I8,I9},{I4,I7,I9}, 
{I4,I7,I11},{I4,I8,I9},{I5,I7,I9}}. K+1=4, 4 is not greater 
than the max length of transaction 4, so we 
continually generate candidate 4 itemsets from 
candidate 3 itemsets, according algorithm, generating 
candidate 4 itemsets as follows: C4={{I2,I5,I7,I9}, 
{I3,I4,I7,I9},{I3,I4,I7,I11},{I3,I4,I8,I9}}. Generating 
candidate itemsets is end because k+1=5>4. 

Then generate frequent itemsets by candidate 
itemsets. Firstly, verify each candidate itemset in 
C4 .For example, candidate itemset{I2,I5,I7,I9}, the 
item I2,I5,I7,I9 corresponding to A2,A5,A7,A9 logic 
AND operation. That is, B= A2&A5&A7&A9,then 
B={0,0,1,0,0,0,0,0,0,0,0,1,1,0,0,0,0,0,0,0}, counting 
the number of 1s in array B, the support of B is 
3,because its support is not less than the minimum 
support threshold, so {I2,I5,I7,I9} is frequent 4 itemset, 
add {I2,I5,I7,I9} to FSD. Then add all subsets of 
{I2,I5,I7,I9} in C3 and delete it from C3, through this 

process, FSD={{I2,I5,I7,I9},{I2,I5,I7},{I2,I5,I9},{I2,I7,I9} 
{I5,I7,I9}},C3={{I3,I4,I7},{I3,I4,I8},{I3,I4,I9},{I3,I4,I11},
{I3,I6,I8},{I3,I7,I9},{I3,I7,I11},{I3,I8,I9},{I4,I7,I9}, 
{I4,I7,I11},{I4,I8,I9}},C4={{I3,I4,I7,I9},{I3,I4,I7,I11}, 
{I3,I4,I8,I9}}. 

Then verify candidate itemset {I3,I4,I7,I9},  
B=A3&A4&A7&A9={1,0,0,0,0,0,0,1,0,0,0,0,0,0,0,0,1,
0,0,0}, the number of 1s is 3,which is not less than 
min_sup, so {I3,I4,I7,I9} is a frequent itemset, Then 
add all subsets of {I3,I4,I7,I9} in C3 and delete it from 
C3, through this process, FSD={{I2,I5,I7,I9}, 
{I2,I5,I7},{I2,I5,I9},{I2,I7,I9},{I5,I7,I9},{I3,I4,I7},{I3,I4,I9

},{I3,I7,I9},{I4,I7,I9},{I3,I4,I7,I9}},C3={{I3,I4,I8},{I3,I4,I
11},{I3,I6,I8},{I3,I7,I11},{I3,I8,I9},{I4,I7,I11},{I4,I8,I9}}, 
C4={{I3,I4,I7,I11},{I3,I4,I8,I9}}. 

Candidate itemset {I3,I4,I7,I11} is not a frequent 
itemset because B= A3&A4&A7&A11= 
={0,0,0,0,0,1,0,0,0,0,0,0,0,0,1,0,0,0,0,0}, in which 
the number of 1s is 2. Candidate itemset {I3,I4,I8,I9} 
is also not a frequent itemset because its support is 
less than min_sup. At this time, C4 is null. Then 
verify the remaining items in C3, by using the same 
method to verify each candidate itemset. Finally, 
FSD={{I2,I5},{I2,I7},{I2,I9},{I3,I4},{I3,I6},{I3,I7}, 
{I3,I8},{I3,I9},{I3,I11},{I4,I7},{I4,I8},{I4,I9},{I4,I11}, 
{I5,I7},{I5,I9},{I6,I8},{I7,I9},{I7,I11},{I8,I9},{I2,I5,I7}, 
{I2,I5,I9},{I2,I7,I9},{I3,I4,I7},{I3,I4,I8},{I3,I4,I9}, 
{I3,I4,I11},{I3,I6,I8},{I3,I7,I9},{I3,I8,I9},{I4,I7,I9}, 
{I4,I7,I11},{I5,I7,I9},{I2,I5,I7,I9},{I3,I4,I7,I9}}. 

So we can generate association rules according to 
generated frequent itemsets and generating 
association rules algorithm. It is simple; this paper 
does not study this problem. 

 
 

4. Performance Analysis and Testing 
 
From the above analysis, the improved algorithm 

can generate all frequent itemsets, and the improved 
algorithm has many advantages compared to classic 
Apriori algorithm and other improved algorithms in 
generating frequent itemsets, as follows: 

(1) The improved algorithm need scan database 
only once, which greatly reduces time overhead, 
Apriori algorithm need scan database many times, 
Apriori_M algorithm also need scan database two 
times, DFS algorithm also need scan database two 
times. 

(2) Construct the upper triangular matrix when 
scanning database, in the upper triangular matrix the 
rows represent the item set of database and the 
columns also represent the item set of database. So 
the upper and the lower are same, then we only need 
storage the upper of matrix, which saves a lot of 
space. 

(3) The improved algorithm can easily generate 
frequent 2 itemset by traversing UTM, if the value of 
the coordinates [i,j] is not less than the minimum 
support threshold, then the item set {Ii, Ij} is frequent 
2 itemset. So the improved algorithm solves the 
bottleneck problem of generating frequent 2 itemset. 
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(4) The improved algorithm adopts binary 1 and 0 
to storage transaction information instead of storing 
transaction number TID, if transaction number TID 
need k bytes, then DFS algorithm need k*8*n*m bits 
storage space, but the improved algorithm only need 
n*m bits storage space, n is the number of 
transactions, m is the number of items for database. 
So k, m and n are more, the improved algorithm can 
save more space. 

(5) Although the improved algorithm need 
generate candidate item set, but it uses connected 
items and UTM, so it is efficient to generate 
candidate item set. There have n candidate k itemsets, 
Apriori algorithm need perform join operation m2 
times, but the improved algorithm only needs 
perform join operation m times. 

(6) The improved algorithm verifies whether a 
candidate item set is a frequent item set by using 
logic AND operation, which greatly improve the 
speed of generating frequent itemsets. In addition, the 
algorithm can generate all frequent itemsets, which 
solves the problem that some algorithm [18] can not 
generate all frequent itemsets. 

In order to further verify the performance of the 
improved algorithm, this paper implemented Apriori 
algorithm, DFS algorithm and the improved 
algorithm. Experimental environment: Memory is  
1 G, CPU is Intel Pentium M 1.73 GHZ, using C# 
language, and test database is mushroom database 
which is provided by Literature [23]. Experiment 
results obtained in different minimum support are 
shown in Fig. 1. 
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Fig. 1. Performance comparison of three algorithms  
in different minimum support. 

 
 

From the Fig. 1, we can see clearly that the 
improved algorithm is better than Apriori algorithm 
and DFS algorithms in different minimum support. 
The improved algorithm is more obvious advantage 
when the minimum support is lower. 

How is the improved algorithm when database 
scale is more and more large? We still in mushroom 
database for example, because records in mushroom 
database are very little, so copy records. Experiment 
results obtained in different database scale are shown 
in Fig. 2. 
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Fig. 2. Performance comparison of three algorithms  
in different scale database. 

 
 
From the Fig. 2, we can see clearly that the 

improved algorithm is better than Apriori algorithm 
and DFS algorithms in different scale database. The 
improved algorithm is more obvious advantage when 
database scale is very large. So the improved 
algorithm is very suitable for large scale database. 

Experimental results show that the improved 
algorithm has more advantages than Apriori 
algorithm and DFS algorithm in different minimum 
support or different database scale. So the improved 
algorithm is useful to mine frequent itemsets, and the 
improved algorithm has lower time and space 
overhead. 
 
 
5. Conclusion 

 
This paper proposes the new generating frequent 

itemset method for database, the algorithm reduces 
the number of scans in the database and improves 
efficiency and reduces the computing time by taking 
the advantage of connected item and UTM and logic 
AND operation technique and reduces the space 
overhead by using binary 1 and 0. Experimental 
results show that the improved algorithm has better 
efficiency than other algorithms, and the improved 
algorithm is more suitable for large scale database. 

Although the improved algorithm has many 
advantages, we also found the improved algorithm 
has some problems to be studied further. For example, 
the improved algorithm can not process incremental 
update mining. We will give improved research on 
this. 
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Abstract: Global features-based methods and local features –based methods have been very successful in face 
recognition system, yet they can be combined together and jointly optimized so as to minimize the error of a 
nearest-neighbor classifier. We consider both descriptor for face images with Local Multiple Pattern, and 
discriminant learning techniques with Exponential Discriminant Analysis. A combination framework based on 
Local Multiple Pattern and Exponential Discriminant Analysis has been proposed in this paper. Firstly, our 
approach encodes the multi-scale face feature by Local Multiple Pattern, and then they have been extended to 
strengthen the discriminative ability by Exponential Discriminant Analysis; Secondly, we suggest to use the 
above feature on different layers independently so that a multiple classifier system can be attained. Using these 
techniques, we obtain the state-of-the-art performance on two public available databases.  
Copyright © 2013 IFSA. 
 
Keywords: Face recognition, Local multiple pattern, Exponential discriminant analysis, Combination 
framework, Multiple classifier. 
 
 
 
1. Introduction 
 

Face recognition has been a hot research topic in 
recent years due to the increasing demands of real-
world applications [1, 2]. Since face recognition 
includes two major components: face representation 
and face matching, two jobs should be taken into 
account. Firstly, the extracted descriptor is required 
to be not only discriminative but also invariant to 
apparent changes and noise. Moreover, the matching 
should be robust to variations from pose, expression, 
and illumination. 

Among the most widely used methods for face 
recognition based on feature extraction can be 
divided into two classes: global features approaches, 
such as Principal Component Analysis (PCA), Linear 
Discriminant Analysis (LDA) [3] and 2D PCA have 
taken into account the whole image; local features 
approaches, such as Local Features Analysis (LFA), 
Gabor wavelet-based features and Local Binary 
Pattern (LBP) [4] consider only the local region 
within the image, so the distributions of faces are less 
affected by various changes. Recently, local binary 
pattern (LBP) is gaining more attention. 
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Ahonen et al. proposed to use the histogram of 
Local Binary Pattern (LBP) to describe the micro-
structures of the face because it is invariant to 
monotonic photometric change and can be efficiently 
extracted. However, the method still suffers two 
drawbacks. On one hand, LBP may not discriminate 
multiple patterns due to its binary patterns only 
comprising of 0s and 1s. In addition, another 
limitation of LBP is its sensitivity to random and 
quantization noise in uniform and near-uniform 
image regions such as the forehead and cheeks. The 
disadvantage of LBP method results from the 
threshold at exactly the value of the central pixel. 
Hence, many methods have been proposed to tackle 
the above problem that exists in LBP. Lastly, Local 
multiple patterns (LMP) [5], a generalization of LBP, 
Local Ternary Patterns (LTP) [6] and Local Multiple 
Layer Contrast Pattern (LMLCP) [7] has been 
proposed. The LMP extends binary patterns to 
multiple patterns, which can preserve more structural 
information, and be more robust to apparent changes 
and noise. However, the LMP method suffers two 
drawbacks. Firstly, the existing encoding method of 
LMP will lead to the enormous dimension as shown 
in Fig. 1. Hence, we adopt a special encoding method 
to deal with the problem. In addition, in order to keep 
the resulting code histogram formative and compact, 
enhance the discriminant ability of the descriptor, we 
apply the discriminant analysis technique to the code 
histogram. 

Linear discriminant analysis (LDA) is well known 
as a powerful tool for discriminant analysis, and the 
LDA-based methods have been used very successful 
in face recognition [8, 9]. LDA constructs a 
discriminant subspace distinguish “optimally” faces 
of different persons. In the case of a small training 
data set, however, LDA seriously suffers from the 
SSS problem. To date, many approaches have been 
proposed to tackle this problem such as PCA+LDA 
(Fisher faces) [10] and NLDA [11]. Recently, an 
exponential discriminant analysis (EDA) [12] 
technique has been presented. Compared with 
PCA+LDA (Fisher faces) and NLDA, EDA can 
extract not only the most discriminant information 
included in the null space of the within-class scatter 
matrix, like NLDA, but also the discriminant 
information included in the non-null space of the 
within-class scatter matrix, like PCA + LDA (Fisher 
faces). Furthermore, the original data can be 
transformed into a new space where LDA criterion is 
applied, the distance diffusion mapping strategy can 
enlarge the margin between different classes so that 
the classification accuracy can be improved by EDA. 
In summary, we consider to fuse the LMP and EDA 
in this paper. 

Using these methods, we obtain a highly 
discriminative and compact face representation. 
Besides the representation, the matching also plays 
an important role. In most practices, the above face 
features are typically fused on the feature layer. 
Further, the policy will weaken the ability of classify 
to various variations from uncontrollable conditions. 

We found that a specific face feature layer 
contributes differently when the illumination 
combinations of input face images are different. 
Based on this observation, we propose a multiple 
classifier method. Specifically, we adopt the feature 
of different layer to recognize respectively and then 
fuse them as the final decision. Combining a 
discriminative multi-scale-based descriptor and a 
multiple classifier method, our combination 
framework achieves the leading performance on both 
ORL and YALE database. 

The rest of this paper is organized as follows: In 
Section 2, we briefly introduce the LMP method and 
its encoding method, and then EDA method is 
analyzed in Section 3. In Section 4, we introduce a 
combination framework with LMP and EDA and 
present the details of the proposed framework. 
Section 5 provides experimental results and 
discussion. Section 6 concludes the paper. 

 
 

2. Local Multiple Pattern 
 
2.1. Review of Local Binary Pattern 
 

The original LBP operator labels the pixels of an 
image by threshold the 3×3-neighborhood of each 
pixel with the center value and considering the result 
as a binary string. After that, the binary string is 
transformed to a decimal label as shown in the 
following equation. 
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where  , ,P RLBP x y  is the decimal label of 
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2.2. Review of Local Binary Pattern 
 
LBP’s binary patterns only consider the sign 

(positive or negative) evaluated by i cg g , while 

the contrast information has been ignored. Moreover, 
contrast characteristic is important for recognition by 
humans. So, it is very necessary to introduce contrast 
to features extraction for classification. As a result, 
LMP is adopted in this paper. 

Firstly, the middle patterns between 0 and 1 have 
been added by LMP so that it not only can describe 
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abundant information than LBP but also can be more 
robust for image analysis, especially, the analysis of 
flat areas. Secondly, providing the nonlinear change 
of contrast value dos not exceed the range of one 
layer, the interference caused by illumination 
variation can be eliminated. Next, we will show how 
the LMP is derived.  

For simplicity, the equidistant dividing model has 
been adopted here. Thmax and Thmin are the maximum 

and minimum values of i cg g  respectively. L  

corresponds to the number of divided patterns, which 
separate the interval [Thmin, Thmax] into L  parts by 

 1L   thresholds by the following formula (3)－

(5). 
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LMP features value of the center pixel cg  can be 

evaluated by the following formula: 
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However, it is obvious that the feature dimension 

expansion of LMP is enormous, so a special coding 
scheme designed has been used here that splits each 

multiple pattern into L parts, subsequently treating 
these as L separate channels of LBP descriptors. An 
illustration of the basic LMP operator is shown in 
Fig. 1, and L has been set 4 here. 

Fig. 2 shows the original images and the 
corresponding local features extracted by LBP 
(second column), LTP (third column), LMP (from 
fourth column to seventh column). As can be seen, 
the proposed LMP method has extracted more 
abundant face information than LBP and LTP method 
from the original images. Furthermore, the face 
space’s scale is getting larger and larger now. In 
order to get a more compact face descriptor and 
further improve the discriminative ability of the 
descriptor, the EDA method has been suggested to 
use. 

 
 

3. Exponential Discriminant Analysis 
 

3.1. Review of Linear Discriminant Analysis 
 
The objective of LDA is to find the most 

discriminant feature of the data, which takes care of 
class information. Furthermore, it aims at 
maximizing the between-class scatter while 
simultaneously minimizing the within-class scatter. 
The criterion function of LDA is given as: 

 

 arg max
w

T
b

T
W

W S W

W S W
  (7) 

 

The optimal projection matrix W can be attained 
by solving the generalized eigenvalue problem: 

 

 
b wS W S W   (8) 

 

 
 

 
 

Fig. 1. Calculating the LMP code. 
 
 

 

 
 

Fig. 2. Original images and the corresponding measures extracted by LBP (second column),  
LTP (third column), LMP (from fourth column to seventh column). 
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3.2. Review of Exponential Discriminant 
Analysis 

 
Recently, an approach to tackle the SSS problem 

coming from the LDA method has been proposed by 
Zhang et al. The idea of the approach is to capture 
linear combination of the mixed central moments 
including second-order mixed central moments so 
that the better representation of data can be attained. 

Suppose a training sample set include C patter 

classes  1 2, , CL L L  and the number of samples 

in class iL  is denoted by iN . The total number of 

training samples is N and then ii
N N . The 

between-class scatter matrix bS and the within-class 

scatter matrix wS can be defined as follows: 
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where m is the average of the total training samples, 

im is average of the training samples of ith class, iX  

is the set of all training samples of ith class. 
Definition 1: Given an arbitrary n-order square 

matrix A, its exponential is defined as follows:  
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In EDA, the input data can be transformed into a 
new space by the exponential of matrix so that it 
enlarges the distance between classes. Moreover, the 
LDA criterion is applied in the transformed space 
resulting in better classification. The criterion of 
EDA is as follows: 
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4. A Combination Framework of LMP  
and EDA Methods 
 
In this section, we propose a combination 

framework of LMP and EDA. First, we intuitively 
illustrate the diversity of LMP method, and then 
present our combination framework.  

LMP extends LBP from binary patterns to 
multiple patterns which will result in a considerable 
problem of feature dimension expansion. 
Furthermore, the LMP features will be sparse and 
weaken the ability of reflecting texture pattern. As a 
result, we adopt a special coding scheme. The 
advantage of the coding scheme is as follows: Firstly, 
it contributes to extract multi-scale LBP feature. The 
LMP features from different layers contain different 

texture information. Fig. 2 shows the different texture 
information using LBP, LTP and LMP. It is observed 
that the texture information of LMP in Fig. 2 is 
distinctly different. Secondly, we find that the feature 
of different layer contributes differently for 
recognition when the face is under uncontrollable 
condition. For example, compared with the features 
of the higher layer, the features of the lower layer are 
more robust to dramatic illumination changes. Based 
on this observation, the LMP face feature on different 
layer will be designed to recognize independently so 
that a multiple classifier system can be attained.  

The LMP face feature can achieve promising 
result because of its strong descriptive ability. But it 
still leaves room for us to improve it. In this paper, 
we advise to use exponential discriminant analysis 
method improve the discriminative ability of the 
LMP descriptor so that the resulting face 
representation is compact, highly discriminative and 
then the individual recognition performance can be 
improved efficiently. Furthermore, only if the 
individual classifiers are effective and diverse, 
combination of classifier would achieve higher 
recognition accuracy than individual classifiers.  

Diversity is a very important and necessary 
characteristic in the design of multiple classifier 
system [13, 14]. The solution takes advantage of the 
fuzzy membership function. It represents the degree 
of being similar to the category instead of YES/NO. 
In the proposed method, Chi square is used as fuzzy 
membership function which shows the degree of 
sample x belongs to class A. Finally, we can attain 
the fuzzy recognition results of different layers. The 
formula is as follows: 
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c
L denotes the degree of the test sample belongs 

to the c-th class co  of face database on the L-th 
layer. Namely, we can obtain a set of fuzzy 
recognition results which represent the degree of the 
testing samples belong to all classes on different 
layers by the above step. Finally, we fuse the 
recognition results on different layer, and then the 
nearest neighbor (NN) distances as classifier has been 
used to make decision. 

In summary, we present a LMP diversity 
matching method based on EDA as shown in Fig. 3. 
The main steps of the combination framework are 
stated as follows: 

Step1: Feature extraction: extract the multiple 
scales LBP feature including LMP1, LMP2, … LMPL 

Step 2: Optimizing feature space: the feature of 
different layer is strengthened the discriminative 
ability by EDA method.  

Step 3: Matching: calculate the distance of feature 
vector on different layers and classify respectively.  
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Step 4: Fusion: the diverse recognition results on 
different layers are fused lastly. 

Step 5: Decision making: the nearest neighbor 
(NN) distances acts as classifier. 
 
 
5. Experimental Results and Discussion 

 
In this section, we evaluate the effectiveness of 

the proposed combination framework by various 
experiments on both ORL and the Yale B database 
and summarize several interesting experiment results. 
It contains three types of experiments. Firstly, we 
compare LMP method with LBP and LTP methods to 

validate its strong descriptive power. Then, we 
provide the comparison of EDA method with the 
competing methods including PCA, LDA and 
PCA+LDA (Fisher faces). Lastly, we validate the 
effectiveness of the combination framework with 
independent LMP and EDA methods. The 
experiment setting is described as follows. For each 
database, we randomly select n samples of each 
individual for training, and use the remaining facial 
images for testing. For LMP, considering the 
spending of time and space, we set L=4. For PCA, 
we reserve 99 % of the principal components for 
recognition. The nearest neighbor (NN) distances as 
classifier has been used in this paper. 

 
 

 

 
 

Fig. 3. Combined framework of LMP and EDA. 
 

 
5.1. Experiments on the ORL Database 

 
In this experiment, we use ORL face database to 

test the performance of the combined framework in 
dealing with small light, expressions, scale and pose 
variation. For the ORL database, a random subset 
with (n = 1, 3, 5, 7) images per subject was taken to 
form the training set, and the rest of the images were 
used as the testing set. The first experiment is devised 
to validate the effectiveness of LMP operator.  
Table 1 shows that the recognition results of different 
methods on different reference sets. As can be seen, 
LMP outperforms LBP and LTP methods on all 
subsets. The recognition accuracy of LMP achieves 
more than 85.49 % recognition rate on average, while 
LBP and LTP methods only reach 82.27 % and  
82.86 % recognition rate respectively. Therefore, 
LMP is an effective method for texture description. 

The second experiment was designed to compare 
EDA with the homologous methods such as PCA, 
LDA, PCA+LDA (Fisher faces). The average 
recognition results are shown in Table 2. As can be 
seen, EDA method significantly outperforms the 

other competitive methods on all the training sets. 
Especially, the LDA and PCA+LDA (Fisher faces) 
fail to wok when the training subset is one image 
with per subject. The reason is that within-class 

scatter matrix wS  becomes a zero matrix while EDA 

can deal with the problem successfully. Therefore, 
the above experiment result validate that EDA is 
effective compared with the other competitive 
methods. 

To evaluate the efficiency of the combination 
framework, we compare the recognition rate of the 
proposed method with the independent LMP method 
and EDA method. The recognition accuracy under 
each reference set is shown in Fig. 4. As can be seen, 
the advised combination framework almost achieves 
to 98 % recognition rates on all reference sets, while 
another competing methods EDA can reach 98 % 
recognition rates when only relative many images are 
selected as reference image, and LMP obtains only 
about 92 % recognition rates in this case. Meanwhile, 
the recognition rates of LMP seriously degrade when 
the number of reference images is small. It is obvious 
that the proposed combination framework is relative 
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robust to the number of reference image, while the 
other competing methods including EDA and LMP 
are sensitive to the number of reference image. 
Furthermore, the advised methods achieve higher 
recognition rates on all subsets than LMP and EDA. 
 
 

Table 1. Performance comparison on ORL database  
when using local features. 

 

 
 
 

Table 2. Performance comparison on ORL database  
when using global features. 

 

 
 
 

 
 

Fig. 4. Performance comparison on ORL database  
using combined framework. 

 
 

5.2. Experiments on the Yale B Database 
 
For the experiments, we chose Yale B database to 

test face recognition algorithms, which contains 
images of 10 individuals in nine poses and 64 
illuminations per pose. In order to validate the 
proposed method is robust to reference image with 
different illumination and pose synchronously, a 
random subset with (n = 1, 3, 5, 7) images per subject 
was taken to form the training set, and the rest of the 
images were used as the testing set. Meanwhile, we 
perform three experiments on this database.  

The first experiment is designed to test LMP is 
insensitive to different illumination and pose than any 
other competitive methods such as LBP and LTP. 
The recognition results are shown in Table 3. As can 
be seen, LMP outperforms LBP and LTP on all 
reference sets methods, which show that LMP is 
more suitable for image analysis, including the 
analysis of image under different illumination and 
pose. 

 
 

Table 3. Performance comparison on Yale B database 
when using local features. 

 

 
 
 

The second one is designed to compare EDA with 
PCA, LDA and PCA+LDA (Fisher faces) methods 
under different illumination and pose. The 
comparison of results is illustrated in Table 4. As 
shown in the results, EDA outperforms PCA, LDA, 
and PCA+LDA (Fisher faces) methods on all subsets. 
As mentioned above, the LDA and PCA+LDA 
(Fisher faces) fail to wok when the training subset is 
one image with per subject again. Therefore, EDA is 
superior to any other competitive methods. 
 
 

Table 4. Performance comparison on Yale B database 
when using global features. 

 

 
 

 
 

Fig. 5. Performance comparison on Yale B database  
using combined framework. 
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In order to further analyze the recognition rates of 
the advised combination framework is robust versus 
different lighting and pose conditions, the third 
experiment has been devised. The recognition 
accuracy under each reference set is shown in Fig. 5. 
As can be seen, the combination framework achieves 
closely to 100 % recognition rates on all reference 
sets, while the other competing method EDA is 
ineffective this time. Furthermore, LMP method can 
reach 100 % recognition rates when only relative 
many images are selected as reference image. Hence, 
the advised combination framework is superior than 
LMP and EDA methods. 
 
 
5.3. Discussion 

 
Several experiments on different databases have 

been performed. It is worthwhile to highlight several 
interesting experimental results of the combination 
framework as follows. 

Firstly, Comparing with Fig. 4 and Fig. 5, the 
experimental results show that LMP outperforms 
EDA when the database includes illumination 
variation, because the local features are more robust 
in uncontrolled environment. Instead, EDA attains 
the higher recognition rate than LMP when the 
database is normal. Furthermore, the advised 
combination framework attains the perfect results on 
two databases. The reason is as follows: the method 
makes good use of the strong descriptive ability of 
LMP, and then the multiple classifier system can 
guarantee the recognition result is diverse. It is the 
most important thing is that the ability of individual 
classifier has been strengthened by EDA. The 
experimental results have justified this point. 

Secondly, as can be seen from Fig. 4 and Fig. 5, 
the proposed combination framework is not only 
robust to the number of reference image but also can 
attain the perfect result on all reference sets. However, 
the LMP and EDA have been affected by the number 
of reference image on two bases. Especially, the 
Phenomena become more evident on YALE B 
database.  

In practical applications, sometimes, there might 
be only a small number of training samples that is 
available for each subject or the training sample is 
under uncontrollable conditions including pose, 
illumination, and expression variation. In this case, 
the EDA and LMP methods will be inefficient, while 
the proposed combination framework can work better. 

 
 

6. Conclusions 
 
In this work, we have built the diversity matching 

scheme by the local multiple pattern, and then EDA 
has been suggested to apply in every LMP feature 
space respectively, which is helpful in improving 
classification accuracy. Two face databases, the ORL 
and the Yale B, are used to evaluate the combination 

framework. Experimental results show our method 
achieves the leading performance on various database 
in recognition accuracy. Furthermore, it is robust to 
the number of reference image. 

In the future, we will continue our work by 
further investigating some related issues such as 
“whether the 3D feature can be combined?” and 
“whether the combined framework is effective to deal 
with the problem of aging?” 
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Abstract: Considering complex factors of affecting ambient temperature in Aircraft cabin, and some shortages 
of traditional PID control like the parameters difficult to be tuned and control ineffective, this paper puts 
forward the intelligent PID algorithm that makes fuzzy logic method and neural network together, scheming out 
the fuzzy neural net PID controller. After the correction of the fuzzy inference and dynamic learning of neural 
network, PID parameters of the controller get the optimal parameters. MATLAB simulation results of the cabin 
temperature control model show that the performance of the fuzzy neural network PID controller has been 
greatly improved, with faster response, smaller overshoot and better adaptability. Copyright © 2013 IFSA. 
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1. Introduction 

 
The function of the aircraft cabin temperature 

control system is to adjust the temperature of the air 
inside the cabin, then to meet the comfortable 
requirements of human. The precise control of cabin 
temperature is a key to guarantee comfort of 
passenger in cabin and normal operation of election 
equipment. Many research results and experimental 
data tell us that, factors affecting the internal 
temperature of the cabin are quite complex; the 
aircraft cabin is bulky; there is a large inertia link. 
The most traditional PID control method is deviation 
proportional, integral, derivative control, so how to 
choose the three parameters would be the key issues 
of designing PID controller. Because of the difficult 
tuning parameters, poor robustness and convergence, 
preventing overshoot phenomenon, the traditional 
PID controller is very difficult to meet precise control 

of cabin temperature. Fuzzy control algorithm is 
based on the actual situation of the system, and 
doesn’t need to establish precise actual mathematical 
model, for it uses expert knowledge, experience, or 
operating data to control the complex controlled 
object by fuzzy arithmetic and fuzzy inference [1,2]. 
But fuzzy rules’ making is one-sided, and 
adaptability is poor, so control effects will be 
affected. The neural network has strong fault 
tolerance and adaptive learning ability, and it can 
make up for the deficiencies of fuzzy control 
algorithm.  

Therefore, this article combines PID neuron 
adaptive control with fuzzy logic inference control 
together, and make full use of the advantages of both 
to tune the three PID parameters. Dynamic and static 
performance of the entire system is adjusted by fuzzy 
reasoning, and then learning ability of the neural 
network and adaptive adjustment are used for 
achieving optimal control. 
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The basic working principle of fuzzy controller is 
that the input signal is fuzzified into fuzzy variables, 
then entering into fuzzy reasoning module. After 
fuzzy rule reasoning to get fuzzy sets, it converts to 
clear amount through defuzzification module. To 
adjust the controlled object, he satisfying control 
results can be output [3]. 

In order to get the fuzzy inference control strategy 
of better system control effect, this paper uses two-

dimensional fuzzy PID controller [4], the controller 
structure shows in Fig. 1. In this figure, r(t) refers to 
setting temperature value of cabin temperature; u (t) 
serves as the output value of system, the difference 
between these two errors is e, with the error rate of 
change ec as the fuzzy controller input together. The 
output is correction factor for PID control parameters 
KP, KI, KD, and neurons in the hidden layer of PID 
neural network model to be dynamically adjusted. 

 
 

 
 

Fig. 1. Fuzzy PID controller structure diagram. 
 
 

In the fuzzy inference process, fuzzy subset are e, 
ec, KP, KI, KD ={NB, NM, NS, ZO, PS, PM, PB}, the 
elements of subset are in turn expressed as: Negative 
Big, Negative Middle, Negative Small, Zero, Positive 
Small, Positive Middle, Positive Big. Membership 
function combines the triangle with S-function, and 
the input and output of five linguistic variables 
membership function relationship is established. 
Then 7×7 fuzzy inference rules are got, each rule 
corresponds to a different operator control logic 
result. The linguistic description of 49 fuzzy control 
rules shows in Table 1-3. 

In the process of running, according to the 
principle of fuzzy control and fuzzy inference rules, 
constantly testing e and ec, eventually finding fuzzy 
relationship among the PID control parameters KP, 
KI, KD and e, ec. Online correction of these three 
parameters can meet the control requirements, 
making controlled object owing a good dynamic and 
static characteristics. 

 
 

3. PID Neuron Network Structure 
 
Proportional-Integral-Derivative Neural Network 

(PIDNN) [1, 5] applies the neural network into PID 
parameter tuning, then it uses neural network to 
control PID parameters and form the PID neurons 
structure controller. In this paper, the 2-3-1 neural 
network structure is used, and network structure is 
shown in Fig. 2. 

In the PID neurons net structure, first is input 
layer, the input of two neurons were error e, and PID 
control parameters correction factor after fuzzy 
inference controller operating and analyzing. By 
calculating of proportional threshold function, the 
output value of input layer is xi(i=1, 2). Three neural 
units of hidden layer are the proportional unit, the 
integral unit and the derivative unit, and their input 
value is the weighted value of input layer to hidden 
layer: 

 

Table 1. Fuzzy rule table of KP. 
 

ec 
e 

NB NM NS ZO PS PM PB 

NB PB PB PM PM PS ZO ZO 

NM PB PB PM PS PS ZO NS 

NS PM PM PM PS ZO NS NS 

ZO PM PM PS ZO NS NM NM 

PS PS PS ZO NS NS NM NM 

PM PS ZO NS NM NM NM NB 

PB ZO ZO NM NM NM NB NB 

 
 

Table 2. Fuzzy rule table of KI. 
 

ec 
e 

NB NM NS ZO PS PM PB 

NB NB NB NM NM NS ZO ZO 

NM NB NB NM NS NS ZO ZO 

NS NB NM NS NS ZO PS PS 

ZO NM NM NS ZO PS PM PM 

PS NM NS ZO PS PS PM PB 

PM ZO ZO PS PS PM PB PB 

PB ZO ZO PS PM PM PB PB 

 
 

Table 3. Fuzzy rule table of KD. 
 

ec 
e 

NB NM NS ZO PS PM PB 

NB PS NS NB NB NB NM PS 

NM PS NS NB NM NM NS ZO 

NS ZO NS NM NM NS NS ZO 

ZO ZO NS NS NS NS NS ZO 

PS ZO ZO ZO ZO ZO ZO ZO 

PM PB NS PS PS PS PS PB 

PB PB PM PM PM PS PS PB 
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Fig. 2. PID neural network structure. 
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The state of proportional unit, integral unit, 

derivative unit: 
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Each neuron input value through bipolar 
threshold function learning and training obtain the 
output value of hidden layer: 
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There is only one neural unit in the output layer to 

achieve the whole output function of network, the 
input value: 
 

    kxwku jj j
'3

1

''  
  (6) 

 
Then use the same function to get the output 

value. The system compare output with setting value, 
if the error doesn’t satisfy the requirements, then the 
back-propagation procedure will be performed. 
Ultimately make the mean squared error of the actual 
output and the desired output being least. 

The mean:  
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According to the error gradient descent method 

adjusting weights value [1], the iterative equation: 
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where α is the learning rate. Layers corresponding to 
the weight adjustment formula are as follows: 

The hidden layer to output layer: 
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The input layer to hidden layer: 
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4. Design and Simulation of Fuzzy Neural 
Network PID Controller 
 

Based on the above analysis and design, the 
structure of the fuzzy neural network PID controller 
schematic is shown in Fig. 3.  

This controller mainly consists of fuzzy controller 
and PID neural network controller, and compares 
setting value r(t) with output value y(t) to obtain error 
e(t) and error rate of change ec(t). In the fuzzy 
controller, according to the fuzzy inference rules, the 
corresponding control strategy is formed and 
correction parameters are got. Then entering the 
correction parameters into PID neural network 
controller, after dynamically learning and correcting, 
the new parameters KP, KI, KD are obtained, the 
operating flow chart of system is shown in Fig. 4. 

The working principle of aircraft cabin 
temperature control system: real-time monitor the 
temperature inside and outside the cabin through 
temperature sensor; according to error and error 
change rate between the setting and monitoring 
temperature, fuzzy neural network PID controller 
deals with algorithm to get adjusting parameters 
factor; then converting to the output signal and 
sending to stepper motor, thus adjusting the size of 
the hot air valve or cold valve opening degree, to 
achieve the adjustment of the cabin temperature. 
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Fig. 3. Fuzzy Neural Network PID Controller schematic structure. 
 
 

 
 

Fig. 4. Operating flow chart. 
 
 
The working principle of aircraft cabin 

temperature control system: real-time monitor the 
temperature inside and outside the cabin through 
temperature sensor; according to error and error 
change rate between the setting and monitoring 
temperature, fuzzy neural network PID controller 
deals with algorithm to get adjusting parameters 
factor; then converting to the output signal and 
sending to stepper motor, thus adjusting the size of 
the hot air valve or cold valve opening degree, to 
achieve the adjustment of the cabin temperature. 

Cabin temperature control system is a second-
order control system, and contains the inertia link [6], 
the transfer function of control model can be written 
as: 

 

     1250

400




ss
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In fuzzy reasoning control module, the domain 
range of three output variables are: e, ec=[-3,3], 
KP=[-0.3,0.3], KI=[-0.06,0.06], KD=[-3,3], sampling 
time is 0.001s, learning rate of the neural network 
algorithm is 0.35. The results of simulation for 
traditional PID control, fuzzy PID control and fuzzy 
neural network as follows (Figs. 5-7). 
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Fig. 5. Traditional PID control. 
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Fig. 6. Fuzzy PID control. 
 
 

From the simulation graph we can see that, in the 
adjustment process of cabin temperature, traditional 
PID control has a large overshoot in the case of a 
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short rise time, curve has excessive wave and is 
instability; only using fuzzy PID control still has 
overshoot, control performance is not stable; after 
tuning of fuzzy neural network PID parameter, there 
is neither an over shoot, nor fluctuations, 
approximating the input curve fast and steady, finally 
achieving good control effect. 
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Fig. 7. Fuzzy Neural Network PID control. 
 
 

5. Conclusion 
 
The problem of tuning and optimizing PID 

control parameters has always been focus in the 

control research. This article combines fuzzy 
inference control with neural network control 
algorithm, and makes full use of the advantages of 
both to make up for their shortcomings. From the 
simulation consequence of the aircraft cabin 
temperature system, we can see that fuzzy neural 
network PID controller has good dynamic perfor- 
mance and steady-state performance, better self- 
learning ability and robustness, there will be a good 
prospect in industrial applications. 
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Abstract: Gas ionization sensor (GIS), made of two parallel plates, works on measuring the breakdown voltage 
of gases that is unique for each gas. The gas breakdown inside the gas chamber occurs due to the ionization of 
gas molecules by accelerated electron impacts. The acceleration of electrons is very depended on the effective 
electric field they experience. It is shown that metallic or semiconductor nanowires grown between the two 
plates improve the sensitivity of the device and breakdown voltages of the gases are considerably reduced. In 
this work we report the design, modeling, and simulation of a miniaturized GIS based on nanowires. We have 
developed simulating software based on an open source simulator XOOPIC. The simulation tool is based on 
combined Particle-In-Cell and Monte-Carlo-Collision approaches. The tool is developed to model and simulate 
the gas ionization sensor to detect various gases including greenhouse gases with optimized breakdown 
voltages. Copyright © 2013 IFSA. 
 
Keywords: Gas sensor, Particle-in-cell, Monte-Carlo-collision, Green house gases, Nanowires. 
 

 
 
1. Introductions 

 

Gas sensors integrated in MEMS with high 
selectivity, reversibility and durability is highly 
desirable. In our lab, there is an ongoing research to 
develop and implement a breakdown ionization gas 
sensor based on nanowires. This miniaturized 
inexpensive device is capable of detecting gases in a 
pressure range of 110-6<P<100 Torr. The sensor is 
made of nanowires with high aspect ratio sandwiched 
between two parallel conductive plates. The role of 
nanowires is to amplify the electric field inside the 
gas chamber to lower the breakdown voltages of 
gases. 

The preliminary results of the design and 
characteristics of the device is reported previously  
[1-2]. To optimize the structure and functionality of 
the device in terms of sensitivity, selectivity and to 
determine the breakdown voltages of gases prior to 
fabrication of the sensor we have developed a 

simulation tool to model and design this miniaturized 
gas sensor. The software is developed to model the 
device in terms of the materials, structures, 
configurations, shape and aspect ratio of nanowires. 
Our model which is based on combined Particle-In-
Cell and Monte-Carlo-Collision approaches  
(PIC-MCC) provides a platform for further 
development and optimization of the device. The 
characteristics of electric fields induced by nanowires 
with various tip shapes and their interactions were 
investigated using COMSOL simulation tool. The 
effects of all other structural parameters to maximize 
the local electric field were investigated. The results 
of these studies were previously reported [3] and 
based on those we designed a device to use in  
GIS-XOOPIC to determine the breakdown voltages 
for several gases including greenhouse gases. To 
verify the results of our simulation, we have 
compared the results of our work with those we 
reported using fabricated devices [4, 5]. 
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2. The Device Model and Sensor 
Structure 
 
Gas ionization sensors (GIS) work based on 

measuring the unique value of breakdown voltage 
(Vb) of different gases. It is known that every gas has 
a unique breakdown voltage in a constant pressure 
and temperature which acts like a fingerprint for that 
gas [6-9]. The gas breakdown inside an ionization 
cell occurs by electron impact ionization mechanism. 
Free electrons existing in the ionization cell ionize 
the gas molecules, therefore creates more free 
electrons and if the process continues, the number of 
free electrons increases exponentially which results 
in the flow of a very large current that leads to 
breakdown of gases. 

By applying an external electric field to a two 
parallel plates a few electrons are forced to leave the 
shell; therefore they can excite the gas molecules and 
ionize them. As the voltage increases, electron impact 
ionization occurs between electrons and lead to 
increasing the current density until the breakdown 
happens at Vb. Current density at this region is given 
by [6-9] 

 

 1)) -(e - (1/ eJ = J dd
sat

  , (1) 
 

where α and γ are the Townsend’s primary and 
secondary ionization coefficients and Jsat is the 
saturation current. “α” represents the number of 
ionization collisions that an electron made by 
accelerating for 1 cm in the field direction and “γ” 
represents the number of electrons which liberated 
per incident ion at the cathode. “α” and “γ” are the 
functions of electric field. 

The current becomes infinite if the voltage 
increases up to Vb, which affects “α” and “γ” 
parameter in a way that current increases hysterically 
in a region where: 

 

 01) -(e - 1 d  , (2) 
 

which is known as Townsend criterion and Vb is 
known as breakdown voltage. 

The nanowires/nanorods structures are very 
suitable for gas ionization sensors. Their high aspect 
ratio and sharp tips enhance the electric field locally 
around the tips and this accelerates the breakdown 
process due to creation of a corona or conducting 
filament of highly ionized gas around the tips. The 
gap between electrodes is bridged by a powerful 
electron avalanche (promoted by corona), and a self-
sustaining interelectrode discharge will be formed at 
a lower voltage compared to parallel plate capacitors 
[1-5]. Applied electric field, Eapp, in a parallel-plate 
capacitor is uniform in the gap between the plates, 
but if one of the electrodes is replaced by a protruded 
surface such as metallic nanowires/nanorods, locally 
high electric field will be formed at the tip of each 
structure caused by field enhancement effect [1]. The 
local electric field around the tips is given by: 

 
apploc E = E  , (3) 

 
where Eapp=V/d is the applied electric field, and β is 
the field enhancement factor that relies on the 
geometry of the device and it is larger in structures 
with sharper tips and higher aspect ratio [9]. 

The field enhancement factor (β) has been the 
subject of many analytical, computational and 
experimental investigations and several formulas 
have been obtained to predict a value for it based on 
the geometrical model for the micro protrusion or 
nano protrusion [9]. These geometrical models 
include “hemisphere on a plane”, “hemisphere on a 
post” and “hemi-ellipsoid on plane”. For instance, the 
“hemisphere on a plane” model predicts that for 
ultrahigh aspect ratio structures, β is almost 
proportional to the ratio of protrusion length L to tip 
curvature rt: 

 
 

trl /7.0  , (4) 

 
Due to the interaction between electric field 

components produced at the tip of nanowires, the 
resultant electric field (a major parameter to lower 
the breakdown voltage) is affected by the geometry, 
shape, tips, configurations, materials and the aspect 
ratio of these nanostructures. These parameters are 
the subjects of our studies in this work to optimize 
the design and functionality of the sensor. 

The schematic illustration of the device is 
presented in Fig. 1. 

 
 

 
 

Fig. 1. Schematic illustration of the sensor [1]. 
 
 
The detail structure and fabrication of the sensor 

based on gold nanowires were previously reported  
[1-5]. 

 
 

3. Software Description 
 
An open source simulator, XOOPIC is designed 

based on PIC-MCC to simulate plasmas in a well-
defined geometry using a variety of boundary 
conditions. 
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Particle-in-cell (PIC) Monte Carlo simulation has 
become a very effective tool in exploring processing 
plasmas. A particularly attractive feature of this 
method is that it allows the simulation of physical 
processes, which cannot always be observed or 
reduced directly from laboratory experiments. 

The idea of this technique is to simulate the 
electron motion in k-space using random numbers to 
account for the random nature of this motion. The 
free electron flights are interrupted by the scattering 
process and are resumed again and again, each time 
from a new starting point in the k-space. The elastic 
and inelastic particle collisions in the gas chamber 
are treated using the MCC method. In the particle-
push phase of the PIC cycle, each particle is tested to 
determine whether or not it scatters. 

As a starting point we used a uniform distribution 
of all particles inside of the GIS chamber. The main 
particle types used in this work are: neutrals, primary 
electrons, secondary electrons, single charged 
positive ions and single charged negative ions. 
Primary electrons are ejected from the nanowires 
tips, by field emission and move toward the anode. 
Their position and velocity is affected by the electric 
field strength, by the collisions with other particles 
and collisions with the walls. When a primary 
electron collides with a neutral particle, the collision 
can be one of the following types: 
1. A primary electron elastically collides with a 

neutral, with no energy lost but a change in the 
particles velocity occurs. 

2. A primary electron collides and ionizes a neutral 
particle, with energy loss and change into the 
particles velocity. The neutral atom becomes a 
single positive charged ion and a secondary 
electron is released from its orbit. 

3. A primary electron collides and excites the 
neutral particle, with energy loss that changes into 
the particles velocity. 

4. A primary electron collides and attached to the 
neutral particle. The neutral particle becomes a 
single negative charged ion.  

Fig. 2 shows various electron-gas particle 
collisions inside the gas chamber.  

 

 
 

Fig. 2. Electron-particles collisions inside the gas chamber. 
 
 

In this work, we have integrated elastic, 
excitation, ionization, vibrational and electron 
attachments cross sections into our simulation 
package. These parameters were collected from 
available data in the literature [10-21].  

Fig. 3 shows steps are taken in one round to 
calculate the electric charges and current within one 
time interval of Δt.  

Step 1, electrons are accelerated due to the 
applied potential on the electrodes. 

In step 2 collisions between the electrons and gas 
molecules happens. The probability of the collision is 
depended on the electrons and ions cross –sections. 
As the collisions occur the velocity and direction of 
electrons are changed. The electric charges and the 
current are calculated at this stage, step 3. In step 4, 
the new electric field is calculated using Poisson’s 
equations. This new electric field exerts a larger force 
on the emitted electrons causing higher accelerations 
and more collision inside the gas chamber. As the 
process continues, positive and negative charges are 
accumulated on opposite electrodes until the 
breakdown happens. 

 
 
 

 
 

Fig. 3. Classical PIC – MCC schemes. 
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Since XOOPIC is a 2-D simulator, the nanowire 
array was modeled by parallel rectangular conductive 
sheets along the 3rd imaginary dimension (z) with 
unity length. 

We have also implanted some circuit elements 
such as the series resistance, R, with the ionization 
cell. In an actual DC discharge, especially at currents 
close to the breakdown point, the voltage drop across 
R becomes important and needs to be considered. 
Our model also includes the contribution of field-
emission from nanowires tips to the discharge 
process. The nanowires are considered as cathode in 
our simulations. The nanowires were defined here as 
both field-amplifying equipotential and field-emitter 
boundaries with a constant β. Field emission current 
density from the nanowires tips was computed 
according to the general Fowler-Nordheim (FN) 
equation given by: 
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locAE

J
vφ

φ
, (5) 

 
where A and B are the universal FN constants, φAu 

is 
the work function/electron affinity of nanowires, and 
ν is the field-dependent correction factor [9]. 

At certain gas pressure, the minimum voltage that 
led to formation of an avalanche from the nanowire 
tips was recorded as the corresponding Vb. 

 
 

4. Simulation Results 
 
As it is discussed above, the applied field between 

the two parallel plates will enhanced largely by 
placing nanowires between them. Fig. 4 shows the 
simulated electric field inside a GIS.  

 
 

 
 

Fig. 4. The local electric field from XOOPIC simulation for 
rectangle nanowire shape. 

 
 

The enhancement factor is very depended on the 
aspect ratio and shape of the nanowires tips as well as 
the interspace distances between the nanowires. The 
effects of these structural parameters on the induced 

local electric fields between the two parallel plates 
were studied by these authors and reported previously 
[22-31]. Devices were designed considering gold, 
silver, and semiconductor ZnO as the materials for 
the nanowires. 

Due to the discharge current between the two 
plates, the electron and ion concentrations build up in 
time. Fig. 5 shows a typical emission of electrons 
from the tips of the nanowires inside the gas 
chamber.  

 
 

 
 

Fig. 5. The 2-D model of the device showing avalanche of 
electrons in the gas chamber at P=1 Torr. 

 
 
During this process the potential on the cathode 

electrode is modified due to induced transient 
currents and the series resistance in the circuit. 
Eventually at a threshold voltage an avalanche of 
carriers inside the devices causes the breakdown of 
the gas. Fig. 6 shows a typical I-t characteristic of the 
device. A Δt (defined in Fig. 3) = 10-14 second was 
considered in our model and the value of t in Fig. 6 
represents the number of cycles of completed MCC 
calculations. The value of the t obtained at any 
breakdown is very depended on the applied voltages. 
The breakdowns for various gases are only 
comparable when all happens at the same time of t. 
However, it is a very time consuming to adjust 
applied voltage such a way that the breakdown of 
different gases happens at the same time. For this 
reason, we have determined the variation of t with 
respect to applied voltages. This is shown in Fig. 7 
for couple of cases. As the curves show there is linear 
relationship between the applied voltage and the 
time. Using the extrapolation of these curves, we 
have obtained the comparable breakdown voltages 
happened at the same time for gases studied in this 
work. 

In order to verify our simulations results, we have 
compared the breakdown obtained using the 
simulation with those obtained using a fabricated GIS 
based on gold nanowires similar to the designs used 
in this work. Studies showed that the breakdown 
voltages obtained using simulation technique for 
argon gas under various pressure was very close to 
those obtained experimentally. The results are 
reported by these authors elsewhere [4, 5].  
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Fig. 6. Generated cathode current versus time for Ne gas in 
a device with gold nanowires. 

 
 

 
 

 
 

Fig. 7. Typical Vaap vs t for SF6 and CO2 gases. 
Measurements are done under the same conditions  
for all gases. The relative breakdown voltages happened  
at specific time are determined by extrapolating  
of the curves. 

 
 

The results of simulations of breakdown voltages 
for several gases in the modeled GIS devices are 
tabulated in Table 1. Various nanowires are 
considered in the designs. 

 
 

5. Discussion and Conclusion 
 
In this paper we reported the development of a 

software tool based on the Monte Carlo Collision 
method to model and simulate the structure of a 
miniaturized gas ionization sensor based on grown 

nanowires on silicon substrate. In this work, we have 
emphasized to model a device with optimized 
response time and low breakdown voltages for 
various gases. We have shown that implementation 
of nanowires between the two parallel plates 
enhances the local electric field, responsible for the 
breakdown voltage. The simulation codes are set to 
optimize the device parameters for various gases 
including single atomic gases like Ar, and Ne, as well 
as greenhouse gases like CF4, SF6, and NH3. To 
verify our simulation results, we have compared the 
characteristics of a modeled device with those using 
experimentally fabricated similar GIS based gold 
nanowires device.  

 
 

Table 1. The simulated breakdown voltage at 
pressure P = 1 Torr , β = 500 and T = 300 K. 

 
Nanowire 
material 

Background 
gas 

Breakdown 
voltage [V] 

Ag Ar 120 
 CF4 195 
 NH3 90 
 Ne 140 
 SF6 200 

Au CF4 222 
 Ne 185 
 Ar 160 
 NH3 150 
 SF6 270 
 N2 175 
 CO2 215 
 CO 177 

ZnO Ar 93 
 CF4 180 
 SF6 170 
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Abstract: Some important areas use more and more piezoelectric force test systems, due to their high sensitivity 
and natural frequency. To study the dynamic testing performance of the system in the conditions of high natural 
frequency, one of the effective methods is establishing the mathematical model of dynamic response of test 
system. By improving specific algorithm of the conventional nonlinear modal fitting method, algorithm of 
transfer function which is aiming at this test system is deduced, and the transfer function of dynamic response is 
obtained by using amplitude and phase frequency response curve which is measured by using a piezoelectric test 
device and the curve is compared with the measured amplitude and phase frequency curve. The rise time, peak 
time and the overshoot of the step response of the test apparatus is obtained with the inverse Laplace transform. 
This paper provides a basis of objective evaluation for the dynamic performance of the test device.  
Copyright © 2013 IFSA. 
 
Keywords: Nonlinear modal analysis, Piezoelectric, Measurement, Step response. 
 
 
 

1. Introduction 

 
The piezoelectric force test system is used more 

and more in aerospace, high-end CNC machine tools, 
automobile industry because of its high sensitivity 
and natural frequency. In some areas, needs of high-
precision test promote the in-depth research of 
dynamic test performance of dynamic testing system. 
The traditional experimental methods of uninstalling 
weight quickly have been unable to meet the demand 
for higher natural frequency of such test systems 
because of the impact of the unloading time. 
Schoukens J. analyzed how to reduce leakage errors 
in frequency response function measurements (FRF) 
and a new default window is proposed [1]. Pan, 
Weiqing studied the approximate analytical impulse 
response function of aperture and misaligned ABCD 

optical system in phase-space and formulate the 
input-output relation completely in terms of Wigner 
distribution functions [2]. Giraudeau Alain proposed 
an idea to compute the frequency response function 
of the tool work-workpiece structure, under the 
machining conditions of interest, for a given material 
as it is sheared by a single-point cutting tool with the 
objective of assessing its machinability [3]. 

Based on the method of conventional nonlinear 
modal analysis, its calculation method is optimized 
and dead cycle is avoided in a loop iterative process. 
The transfer function of the dynamic response of 
piezoelectric thrust test system is obtained by using 
this method, and the performance indicators of its 
step response are calculated. Once the transfer 
function of the test system is obtained, the vibration 
isolation and acceleration compensation of the test 
system could be studied. 
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2. The Research on Nonlinear Modal 
Analysis Method 
 
Nonlinear modal analysis method is an important 

method for experimental modal analysis, wherein, the 
application of frequency domain method is common. 
By obtaining the time-domain signal of stimulus and 
response and FFT, and the amplitude-frequency and 
phase frequency characteristic curve of structural 
response is obtained, and then the algorithm is 
determined, and the transfer function is fitted and 
finally to identify the parameters to obtain the modal 
parameters [4-12]. 

 
 

2.1. Nonlinear Modal Fitting Method 
 
Nonlinear modal fitting method is a single point 

excitation frequency domain modal parameter 
identification method, that is stimulating a single 
point of system and obtaining time domain signal of 
excitation point and response point simultaneously, 
and the curve of frequency response function is 
obtained after A/D conversion and FFT transform, 
and then constituting the error vector together with 
theoretical transfer function whose modal parameters 
is as variables, and there is a non-linear relationship 
between error vector and identified modal parameters 
of the theoretical transfer function. 

For any system, the transfer function expression 
of any excitation and any response is showed as 
formula (1) below. 

 
 

*
1

( ) ( )
n

r r

r r r

A A
H

s s s s






 
  , (1) 

 
In formula (1), rA  and rA   is the residue of ( )H   

at the pole rs and “*” means conjugation, and if 

r r rA u jv   is established, *
r r rA u jv  ; rs  and *

rs  

are pole, and if r r rs j     is established, 
*

r r rs j     and n is the mode number. 

When using FFT to analyze the signal, s j , 
and substituting the above parameters into the 
formula (1), and the expression form such as formula 
(2) is obtained. 
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The formula (2) can be rewritten as the form with 

two parts of the real and imaginary components, 
which is showed as formula (3). 
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Formula (1), formula (2) and formula (3) all show 

transfer function expression of any excitation point 
and any response point, and they are essentially the 
same, but with different forms. Some modal 
parameters need to be identified in the transfer 
function, such as real and imaginary parts of poles 
and residue of each order modal, and if the mode 
number is n, the number of parameters need to be 
identified is 4n, and the form of the vector can be 
expressed as follows: 

 

( , , , , , , , , , , , , )
1 1 1 1 2 2 2 2

TX u v u v u v
n n n n

        

 
Due to addition of vector X  to the variable of 

theoretical transfer function ( )H   of the test system, 
the transfer function ( )H   should be written in the 
form ( , )H X . 

When j   is established, the difference 

between the theoretical value of the frequency 
response function ( , )jH X  and the actual value 

( )jH   can be expressed by the error 

function ( , )j X  , which is showed as formula (4). 

 
 ( , ) ( , ) ( )j j jX H X H      , (4) 

 
If 1 2, , ,j m      is established, the number of 

frequency test points is m, thereby, the error vector 
( )E X  is constructed, which is showed as the formula 

(5) below. 
 

 ( ) ( )

( ( , ), ( , ), , ( , ))
1 2

E X H X H

TX X X
m

     

 






, (5) 

 
Wherein, ( )E X  is nonlinear function of vectors 

X  which is to be identified, and the error vector is 
founded. But it is inconvenient to study the problem 
by using the error vector ( )E X , the degree of 
deviation between theoretical transfer function and 
actual curve of frequency response can be expressed 
by using total variance ( )J X  of the error 
vector ( )E X , such as represented by formula (6). 

 
 ( ) ( ) ( )HJ X E X E X , (6) 
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wherein, “ H ” represents conjugate transpose. 
Expressed by the formula (6) is a real number, 

which is the difference of two squares of the degree 
of deviation of all points of frequency test between 
theoretical transfer function and the actual curve of 
frequency response, so formula (6) is the objective 
function of searching optimization of system model 
parameter. 

 
0 0 0 0 0 0 0 0( , , , , , , ,

1 1 1 1 2 2 2

0 0 0 0 0, , , , , )
2

X u v u v

Tu v
n n n n

  

  




 

 
is initial iteration vector of vector X , and at any 
point of frequency test points, such as when j  is 

established, the form of an arbitrary element ( , )j X   

of error vector ( )E X  with Taylor series expansion in 
the vicinity of 0X  and retaining linear terms can be 
expressed as equation (7). 
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Each of the above is substituted into the error 

vector ( )E X , and be written in the matrix form, such 
as formula (8) below. 

 
 0 0( ) ( )E X E X P X   , (8) 

 
Wherein, 0P  is the initial iteration matrix, whose 

element is
0

0 ( , )

j

j
ji

i
X X

X
p

x  

 







. 

The traditional methods of analysis used the form 
of the matrix norm, but in this paper, direct expanded 
form is used to avoid dead cycle in solving process, 
and the calculation of optimization algorithm of the 
nonlinear modal parameter is improved further, and 
formula(9) is obtained by the direct reference of 
formula (8). 

 
 0 0 0 0( ) ( ( ) ) ( ( ) )HJ X E X P X E X P X     , (9) 

 
Seeking a derivative of the vector X  after 

expanding formula (9), the form of formula (10) is 
obtained. 
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, (10) 

 
Solved by the formula (10), iterations length 

calculating expression can be as shown by the 
formula (11). 
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, (11) 

 

Step of the iteration of the loop is obtained by the 
formula (11), and the loop iteration is conducted until 
the total variance ( )J X is less than a pre-determined 
value . 

 
 

2.2. The Definition of Initial Value  
of Iteration 

 

The definition of system initial value 0X  directly 
determines the speed and success of the iterative 
operation. Because the system amplitude frequency 
response curves is obtained beforehand, the natural 
frequency and damping ratio of each mode can be 
estimated in advance, according to the following 
formula (12) to (14). 

 

 2 2 ( 1,2, )r r r r n      , (12) 
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 21 ( 1,2, )r r r n      , (14) 
 

The initial value 0
r  and 0

r ( 1,2, )r n   of each 

mode can be further calculated and estimated, so that 
the formula (3) become linear for variable ru  

and ( 1,2, )rv r n  , and these variables can be 

obtained by further using the inner loop mode. 
ru  and ( 1,2, )rv r n   form a new vector RX : 

1 2 7 1 2( , , , , , , )T
R nX u u u v v v    

RX  is substituted into formula (3), and formula 

(3) is written in the form of a matrix which is showed 
as formula (15). 
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In the formula (15), the elements in the matrix A  

are the calculation value of the transfer function 
( )H   which is unknown with specific frequency, and 
( )H   can be replaced by the measured amplitude-

frequency curve, such as formula (16). 
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Formula (17) can be obtained by using formula 
(15) and formula (16). 

 
 1( )T T

R t t tX R R R A , (17) 
 

RX  can be calculated according to formula (17), 

which together with 0
r  and 0

r ( 1,2, )r n   

contribute the initial iteration vector 0X . 
 
 

3. Test System Dynamics Modeling 
 
3.1. Frequency Response Experiments 
 

Piezoelectric measuring equipment for measuring 
the performance of the rocket engine thrust is showed 
in Fig. 1. 

Dynamic response experiments of the test 
apparatus is conducted in the manner which is 
showed in Fig. 2.  

 

 
 

Fig. 1. Piezoelectric measuring equipment  
for measuring thrust. 

 
 

 
 

Fig. 2. Dynamic response experiments  
of the test apparatus. 

 
 

From the viewpoint of research on dynamic 
characteristics of testing system, and it is equivalent 
to measuring excitation at the flange and testing 
vibration at the three-way force sensor in the force 
measuring device. This exciting point and vibration 
measurement point is the excitation point and 
response point of dynamic characteristics which need 
to be studied. 

Two-way output data of the hammer and the test 
device are collected at the same time. The input and 
output data are transformed by FFT, and frequency 
domain signal of input and output are conducted by 
self-spectral and cross-spectral analysis, and 
ultimately, amplitude and phase frequency 
characteristic curve is obtained from the flange 
excitation and the output of test device, which is 
showed in Fig. 3. The numbers of peak point is 7, 
that is, the mode of this direction can be set at 7 
orders. The information of frequency, phase and 
amplitude of each modal is listed in Table 1. As can 
be seen from Fig. 3, the modal of main thrust 
direction is dense, and it is suitable for using 
nonlinear modal parameter identification method to 
identify its modal parameters. 
 
 

 
 

Fig. 3. Amplitude-frequency and phase-frequency. 
 
 

3.2. Modal Parameter Identification 
 

Firstly, frequency point which need modal 
identification is determined, according to the 
frequency response curve showed in Fig. 3, and each 
point is chose at appropriate position on the trough of 
both sides of natural frequency points of each order, 
respectively, and together with the modal natural 
frequency point, composing frequency test points of 
non-linear modal parameter identification. The values 
of trough are showed in Table 2. 

Then, 0
r  and 0

r ( 1,2, 7)r    of each mode is 

estimated, according to the damping ratio of the 
general mechanical structure which is between 0.01 
and 0.09, and presuppose that the damping ratio of 
test device is 0.01, and according to equation (12) to 
(14), the results are listed in Table 3.  
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Table 1. Modal information of order. 
 
Modal order 1 2 3 4 5 6 7 

Damped natural frequency /Hz 1074 1702 1934 2050 2087 2142 2606 

Phase /º -70.8 -65.1 -87.0 -110.6 -121.9 -118.5 -95.5 

real part  1.24 2.31 0.89 -1.36 -1.81 -2.41 -0.86 

Imaginary part -3.56 -4.97 -17.03 -3.63 -2.91 -4.44 -8.87 

Amplitude 3.770 5.481 17.053 3.876 3.427 5.052 8.912 

 
 

Table 2. Frequency response information of troughs. 
 

The point of frequency 1 2 3 4 5 6 7 8 9 10 

Frequency /Hz 1000 1100 1570 1780 1990 2060 2100 2200 2580 2700 

Phase /º -7.3 -108.2 -6.4 -30.0 -145.9 -120.1 -126.0 -165.7 -48.9 -168.8 

real part  2.08 -0.45 2.62 1.63 -4.14 -1.92 -1.83 -2.81 3.50 -2.80 

Imaginary part -0.27 -1.37 -0.29 -0.94 -2.80 -3.31 -2.52 -0.72 -4.01 -0.55 

Amplitude 2.097 1.442 2.636 1.882 4.998 3.827 3.114 2.901 5.323 2.854 

 
 

Table 3. Iterative initial value. 
 

Modal order 1 2 3 4 5 6 7 

Modal frequencies /Hz 1074 1702 1934 2050 2087 2142 2606 

Damping ratio r  0.01 0.01 0.01 0.01 0.01 0.01 0.01 
0

r  67.5 106.9 121.5 128.8 131.1 134.6 163.7 
0

r  6748.1 10694.0 12151.7 12880.5 13113.0 13458.6 16374.0 

 
 
When substituting the data 0

r  and 
0

r ( 1,2, 7)r   of Table 3, the imaginary part and 

the real part of the data of frequency test points of 
Table 1 and Table 2 into equation (17),it can be 
obtained as follow: 

 
[22.24,13.62, 24.48, 71.37, 68.62, 38.44,

0.15 256.12, 526.21, 2048.77, 280.15,

224.16, 575.90, 1420.82]

RX     

    

    
 
Finally, the final similar result of total variance 

6( )J X  is 196.9 10  after six iteration process. 
 

6

[ 3.94 452.77 128.24 6748.14

58.10 957.35 203.22 10693.98

15.20 2267.30 133.68 12151.68

35.50 287.61 128.81 12880.53

32.00 192.52 131.14 13113.01

19.80 524.51 134.59 13458.58

18.10 1324.14 147.37 16373.98]

X

 



  


 


 

 
Therefore, the theoretical transfer function of the 

test system is showed as formula (18). 
 

 7

1

( ) ( )
( ) ( )

r r r r

r r r r r

u jv u jv
H s

s j s j   

 
 

      , (18) 

 

wherein 
 

[ 3.94 58.10 15.20 35.50 32.00 19.80 18.10]u       
[ 452.77 957.35 2267.30 287.61 192.52 524.51 1324.14]v          
[128.24 203.22 133.68 128.81 131.14 134.59 147.37]   
[6748.14 10693.98 12151.68 12880.53 13113.01 13458.58 16373.98]   
 

Academic and actual amplitude and frequency 
curve of the test system is superimposed onto a map, 
as shown in Fig. 4. 

 
 

 
 

Fig. 4. Comparison of the theoretical and the practical. 
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Theoretical amplitude and phase frequency 
characteristic curve with nonlinear fitting is 
consistent with the curve of actual test. The transfer 
function with nonlinear modal fitting can be used to 
study the dynamic performance of the test apparatus. 

 
 

4. Step Response Performance  
of the Test System 

 
According to inverse transform formula of the 

rational function, the form of the expression of time-
domain of transfer function is showed as formula 
(19) [13, 14]. 
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After finishing, the form as formula (20) is 

obtained. 
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n
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i
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  , (20) 

 
Wherein, n is modal order. 
Under the step response, time-domain response 

of image function of the test apparatus is showed as 
formula (21) 

 

 1
( ) ( )F s H s

s
 , (21) 

 
According to the nature of definite integral of the 

Laplace transform, the expression of time domain 
can be expressed as formula (22). 

 
 

0
( ) ( )

t
f t h t dt  , (22) 

 
The parameters with modal fitting of the test 

device are substituted into equation (22), and the 
matlab programming is employed, and the image of 
step response is obtained as shown in Fig. 5. 

 
 

 
 

Fig. 5. Step-response of the system. 
 
 

It can be seen from the image of step response 
which is obtained based on the calculation, the key 
performance indicators of test system are showed in 
Table 4. 

 
 
 

Table 4. Step-response performance of the system. 
 

Index Rising Time /s Peak time /s Adjustment time /s Overshoot 
 8.60×10-5 2.46×10-4 2.66×10-2 76.2% 

 
 
All the test system is manufactured with stainless 

steel whose damping coefficient of energy-
consuming is small, and pure rigid connection is 
used between the various components, thus resulting 
in the damping of each order is relatively small, and 
overshoot and adjustment time whose dynamic 
characteristic indicators is step response is relatively 
large. 

 
 

5 Conclusions 
 

Based on the traditional method, algorithm of 
nonlinear modal analysis method is improved, and it 
avoid infinite loop in the loop iterative process. With 
this method, theoretical transfer function of the 
piezoelectric thrust measuring apparatus is 
calculated, and the mathematical model of the 
dynamic response of the apparatus is founded, and 
the step response performance of the test apparatus is 
obtained, so it provides the basis for an objective 

evaluation of the dynamic test performance of the 
test apparatus. 
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Abstract: Piezoelectric force sensors are used in more and more industries and areas for the monitoring of the 
production process or testing products’ performance. In some high-precision testing fields, the dynamic 
measurement performances of the test system itself have to be examined. Based on the dynamic response 
mathematical model of test system itself, this paper studies the dynamic measuring acceleration error 
compensation method. Firstly, according to the motion differential equation of the test system, the dynamic 
response transfer function is built and the root cause of the test system dynamic testing error is studied. Then the 
modal parameters of the system are obtained using the experimental modal analysis method and a deterministic 
response transfer function is established. The acceleration impact item is separated out by the method of 
separation of variables and weight coefficient method. Combining numerical differentiation, the expression used 
to calculate the acceleration is achieved. Finally, acceleration compensation experiment is done.  
Copyright © 2013 IFSA. 
 
Keywords: Piezoelectric sensor, Dynamic response, Transfer function, Acceleration compensation,  
Dynamic error.  
 
 
 
1. Introduction 

 

As piezoelectric force sensor has high sensitivity, 
high stiffness, high natural frequency and good 
stability, in some industries such as automobile 
manufacturing and high-precision CNC machining 
and so on, the force signals obtained by piezoelectric 
force sensor are usually used to monitor the 
production process and check the quality of the 
products. In some high-end application fields, such as 
engine thrust performance test, the measuring 
accuracy needs to be demanding, for this reason, on 
the basis of conventional data processing, the 
sensor’s dynamic test performance should be 

investigated mainly, especially the proportion that 
acceleration error takes up in the measurement results 
and compensating the error by taking an appropriate 
method [1, 2]. The recent research on the dynamic 
testing performance of the test system mainly focuses 
on the conventional dynamic performance evaluation, 
such as rise-time, overshoot and so on, while the 
research on acceleration compensation mainly 
focuses on hardware compensation, such as the use of 
the signal measured by acceleration sensor [3-6]. In 
addition, the acceleration compensation is more 
concentrated in the field of robotics [7-10]. Chen 
shows an open-loop method on the basis of 
acceleration compensation to reduce liquid surface 
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oscillation generated during a high-speed transfer. 
Dang enhances the capabilities of transport vehicles 
so that they can carry delicate objects without 
extensive packaging. King introduces new work 
focused on compensating for unintended master and 
slave manipulator motion resulting from 
accelerations of the environment within which they 
are operated. 

Aiming at the developed piezoelectric sensor, this 
paper obtains a dynamic response mathematical 
model using experimental modal analysis method. It 
also compensates the acceleration error of the data 
measured by the sensor by the way of separating 
acceleration, with which the acceleration error 
compensation experiment for the experimental data 
of a piezoelectric test system is done. 

 
 

2. Dynamic Measurement Error Analysis 
of Piezoelectric Sensor 
 
The core component of the piezoelectric test 

system is shown in Fig. 1. 
 
 

 
 

Fig. 1. Exploded view of the piezoelectric test apparatus. 
 
 
Since the mass of the four three-component force 

sensors is relatively small, they can be simplified into 
the mechanical system in Fig. 2. Xs(t) is the relative 
displacement between the before and after parts 
which are equipped with sensors [11]. 

 
 

 
 
Fig. 2. Dynamic model diagram of the test system. 
 
 
In theory, the dynamic model shown in Fig. 2, the 

displacements of the mass bodies as output, the 
mechanical analysis of all the components is done 
according to Newton's second law of motion and the 
motion differential equations is obtained as  
Equation 1 shows. 
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For the dynamic response differential equations 
showed by Equation 1, there is a modal vibration 
shape coefficient matrix   meeting the following 

equations. 
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it is called modal mass matrix. 
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it is called modal damping coefficient matrix; 
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it is called modal stiffness matrix. 
So the frequency domain transfer function of the 

piezoelectric sensor’s output can be gotten as 
Equation 2 shows. 
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It can be further simplified into the form based on 
the operator s  as equation 3 shows. 
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It can be seen from Equation 3 that the transfer 
function is a series of some second-order systems. 
The denominator of the function includes three items: 
the acceleration item, the damping item and the 
elastic item. If the acceleration item and the damping 
item are removed, the transfer function becomes the 
form of Equation 4. 
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  , (4) 

 
wherein ( )bH s  is the form that removing the 

acceleration item and the damping item on the basis 
of ( )H s . 
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Decomposing Equation 4 and doing anti-Laplace 
transform, the Equation 5 can be obtained. 

 

 1,1 1 ,1 11
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n
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X t L H s F s k F t
k

   




    (5) 

 
Based on Equation 5, removing the acceleration 

item and the damping item, the output s ( )X t  has a 

completely linear relationship with )(tF , so the 

measurement error on the principle does not exist. 
Therefore acceleration and damping of the second-
order system are the causes of dynamic measurement 
error of the test system. 

 
 

2. Research on Error Compensation 
Method 

 
2.1. Building System Dynamic Response 

Mathematical Model 
 

In the frequency-domain method, the nonlinear 
modal fitting method is a single point excitation 
frequency domain modal parameter identification 
method, which is getting the transfer function of the 
test system in the way of loop iteration [12-14]. 
Giving excitation to some point of the system and 
measuring the time domain signals of the incentive 
point and the response point, after A/D conversion 
and FFT transform the frequency response function 
curve can be obtained. The curve and the theoretical 
transfer function taking modal parameters as variable 
together constitute the error vector which has a non-
linear relationship with the modal parameters to be 
identified in the theoretical transfer function. 

For any system, the transfer function expression 
of any point’s excitation and any point’s response is 
shown as Equation 6. 
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In Equation 6, rA  and 
rA  are residues of 

)(H  at the pole rs ; “*” stands conjugation, so if 

rrr jvuA  , then rrr jvuA * ; rs  and *
rs are the 

poles, and when rrr js   , rrr js  * ; 

n is modal order number. 
When using FFT to analyze the signals, js  . 

Putting the above parameters into Equation 6, the 
expression of Equation 7 can be solved. 
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The amplitude-frequency and phase-frequency 

characteristic curves of a piezoelectric test system 

which is measured with hammering method is shown 
in Fig. 3. 

 
 

 
 

Fig. 3. Amplitude-frequency and phase-frequency. 
 
 

Modal parameters obtained by an experimental 
modal analysis method are shown as below. 
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2.2. Research on Computing Method  

of Acceleration Force 
 

When comparing the above-obtained test 
system’s transfer function, a regular pattern can be 
found that the real parts of the transfer function’s 
residues in each order are much smaller than their 
imaginary parts, about 1 %. This indicates that the 
damping of the test system almost has a proportional 
relationship with the mass and stiffness of the system. 
If neglected the real parts of the residues and 
changing the transfer function’s each part into a 
common denominator, the expression can be 
deformed into Equation 8. 
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Decomposing Equation 8, it changes into 

Equation 9. 
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Then deforming Equation 9 and doing anti-

Laplace transform, time domain style Equation 10 
can be obtained. 
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In the denominator of Equation 10, there are three 
terms associated with force can be abstracted. The 

first one is 
( )

2
s

r r

X t

v 


 which is connected with 

acceleration, named acceleration force and expressed 

by )(tFar ; the second one is 
2 ( )

2
r r s

r r

X t

v

 



 which is 

associated with damping, named damping force and 

expressed by )(tFcr ; the third one is 
2 ( )

2
r s

r r

X t

v




 

which is connected with elastic deformation, called 
elastic force and expressed by )(tFkr . 

Putting the above parameters into Equation 10, 
Equation 11 can be gotten. 
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Equation 11 is used to get the effect of the 

acceleration. Each item of the test system is all multi-
order system and the left part of Equation 11 is the 
sum of many fractions. According to the idea of 
processing of the first-order system, Equation 11 is 
transformed, and make  
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In Equation 12, the conditions of Equation 13 

need to be met. 
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Figure out the appropriate values to make 

Equation 14 establish. 
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In it, rg  is the each order’s weight coefficient. 

So the problem of a multi - order can be 
converted into a first-order problem and the key is to 
solve the weight coefficients, as shown in  
Equation 15. 
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Since the one that plays a major role in the test 

system is )(tFkr , the effect of the acceleration and 

damping can be ignored for simplicity and the output 
is considered to be consistent with the input. The 
weight coefficients can be solved conveniently as 
Equation 16 shows. 
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The gotten weight coefficients are shown in Table 1. 

 
 

Table 1. Weight coefficients of each order in all directions. 
 

Order 1 2 3 4 5 6 

 4.371 10.157 6.673 6.205 29.333 2.945 

 
 
Putting the values into Equation 13, the result is 

1.0012 and the error is 1 ‰. 
The total computational formula of the 

acceleration force is as Equation 17 shows. 
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where )(tFa  stand for the sum of the acceleration 

force of the test system’s each order. 
 
 

2.3. Acceleration Force Compensation 
Method 

 
In the compensation mode, the output of the test 

system is as shown in Equation 18. 
 

 ( ) ( ) ( )sa s s aX t X t X t k    (18) 

 

wherein 
1

1
=

2

n

a
r r r r

k
v g   is called acceleration 

compensation coefficient; ( )saX t  is the displacement 

output after acceleration compensation. 
As long as putting the test system’s modal 

parameters in every direction into Equation 18, the 
acceleration compensation parameters in every 
direction can be solved. So the acceleration output 

( )sX t  can be obtained using the numerical 

differentiation method according to the measured 
data. 

 
 

2.4. Problems that Need Attention in the 
Compensation Process 

 
The error that using this method may cause is the 

white noise in the data collection process. What is 
shown in Fig. 4 is the no-load error of the test system 
( eF  stands for the no-load error). In order to avoid 

the effect of the peaks and burr, the software’s own 
filtering algorithm is used for simply filtering 
process. 

Using the numerical differentiation method to 
process the data in Fig. 4, the acceleration diagram of 
no-load output is obtained, which is shown in Fig. 5. 
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Fig. 4. Output of data acquisition without load. 
 
 
 

 
 

Fig. 5. Acceleration diagram of no-load output. 
 
 
Putting modal parameters in each direction of the 

test system into Equation 18, the acceleration 
coefficient can be achieved and its value 

is 71047.2  . The compensation error caused by 
white noise is 0.56 ％. 

The white noise interference is an important 
factor that affects the post-processing compensation. 
In the case without filtering software, the overall high 
frequency interference of the test system and the 
auxiliary measuring components is very obvious, so 
the acceleration output caused by it has the same 
order of magnitude with the previously calculated 
theoretical acceleration output. Therefore, the high 
frequency interference caused by the system must be 
filtered. 

 
 

3. Experiment  
 

The designed standard trapezoidal signal 
generator as the signal source, the signal is input into 
the exciter after power amplifying. Connecting the 
output end of the exciter with the measuring flange of 
the test system and installing a standard force sensor 
between the exciter and the measuring flange, the 
pulse thrust measurement experiment is done. The 
experimental schematic is shown in Fig. 6. 

The experimental apparatus are as shown in Fig. 7. 
According to the principle of the experiment, the 

exciter output's standard waveform which is shown in 
Fig. 8 and the test system output's waveform which is 
shown in Fig. 9 are obtained. 

Processing the output data of the test system with 
acceleration compensation, the waveform shown in 
Fig. 10 can be gotten. 

Comparing Fig. 8 and Fig. 10, it can be seen that 
the method of post-processing compensation can 

make up the measuring error caused by acceleration 
to some degree. 

 
 

 
 

Fig. 6. Experiment scheme of dynamic measurement. 
 
 

 
 

Fig. 7. Dynamic experiment device. 
 
 

 
 

Fig. 8. Output of exciter. 
 
 

 
 

Fig. 9. Output of the measurement system. 
 
 

 
 

Fig. 10. Output with acceleration compensation. 
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4. Conclusions 
 
Using the dynamic response mathematical model 

to analyze the reason that the piezoelectric sensor 
generates dynamic measuring error, it is found that 
the nonlinear term of the transfer function is the root 
cause. The transfer function of the test system is built 
using an experimental modal analysis method and the 
acceleration expression is obtained by the method of 
separation of variables and weight coefficient 
method. Combining the numerical differentiation 
process of the output, the calculation process of the 
acceleration compensation is established. As the 
effect that the white noise interference in the 
collection process has on the acceleration 
compensation, it’s necessary to do the filtering 
process. The acceleration compensation method 
based on the transfer function of the test system is 
suitable for the dynamic measurement occasions 
where acceleration error has a greater effect. 
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Abstract: Vogt protocol is a dynamic frame slotted ALOHA protocol. It has been used to the “I-code” system 
developed by Philips Semiconductors. Similar to many existing anti-collision protocols, The Vogt protocol aims 
at tag identification in static scenarios, that is, all tags keep still during the tag identification process. For the 
scenarios, Vogt’s system performance can be analyzed by performance metrics, such as throughput, the 
identification efficiency, the error rate of tag estimation and the identification delay, etc. However, there also 
exist many special scenarios, named mobile RFID systems, where tags move along a fixed path in the reader’s 
interrogation zone. In these scenarios, tags may leave the interrogation zone unidentified. These tags are called 
lost tags. In this paper, we propose an improved Vogt anti-collision protocol with early end feature in mobile 
RFID systems which can decrease tag loss by early terminating idle slots and lost tag slots in the mobile RFID 
systems. Simulation results show that the proposed protocol can significantly reduce the numbers of lost tags in 
mobile RFID systems. Copyright © 2013 IFSA. 
 
Keywords: RFID, Tag identification, Mobile RFID systems. 
 
 
 
1. Introduction 
 

RFID (Radio Frequency Identification) is an 
automatic identification technology considered to be 
a better replacement of existing barcode technology. 
RFID has the advantages of contact-less 
identification and the ability to hold more data with 
respect to barcode technology. RFID uses tags to 
store electronic product codes (EPC). The tags also 
possess radio transceivers using which they can 
transmit the EPCs to the readers that probe these tags. 
RFID has applications in many environments such as 
supply chain management, inventory control, 

supermarket checkout process, pet identification, and 
toll ways. 

In RFID systems, all tags and reader share a 
common communication channel. Therefore, when 
the multiple tags simultaneously transmit their 
signals to the reader, collisions will happen. To 
achieve this goal of efficient tag reading, a great 
number of anti-collision protocols [1-11] have been 
proposed for static scenarios where all tags keep still 
during the tag identification process. These 
algorithms can be classified into two categories: tree-
based algorithms and aloha-based algorithms. In 
ALOHA-based systems, the channel time is divided 
into multiple frames. Each frame in turn is divided 
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into multiple time slots. Within a frame, each tag 
randomly selects a time slot and transmits its EPC to 
the reader in that slot. Note that, within each frame 
there exist three kinds of slots: (1) the idle slot where 
no tags reply; (2) the successful slot where only one 
tag replies; and (3) the collision slot where multiple 
tags reply. In tree-based systems, anti-collision 
protocols are based on binary trees and every root-to-
leaf path in these trees denotes a unique tag ID. 
Compared with ALOHA-based algorithm, tree-based 
algorithms promise terministic identifications, but 
need a high number of reader-to-tag commands. 

Among the aforementioned protocols, Vogt 
protocol [11] has been used to the “I-code” system 
developed by Philips Semiconductors since it have 
better performance than FSA ones [3]. Vogt protocol 
can adjust the frame length dynamically. Its frame 
length is set to the number of unidentified tag in the 
reader’s field. Vogt’s tag estimation functions is 
based on Chebyshev’s inequality and aims to 

minimize the distance v d between an actual read 

result vector , , kc c c< >   and the theoretically 

computed result , , ,, ,N t N t N t
ka a a< >  , as 

represented by Eq. 1. 
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In Eq. 1, the elements of the vector 

, , ,, ,N t N t N t
ka a a< >   correspond to the expected 

number of idle slots, success slots, and collision slots, 
respectively. The elements of the vector 

, , kc c c< >   respectively correspond to the actual 
number of idle slots, successful slots, and collision 
slots from read results. N and t denote the frame 
length and the number of tags in the reader's 
interrogation zone, respectively.  

To decrease tag identification time, ISO-18000-
6A and EPCglobal Class 1 [8] presented frame 
slotted ALOHA with early end, as shown Fig. 1. 
From this figure, we can see that all idle slots (e.g. 
slot 1, 2, 3, 9) are terminated early, which can 
decrease tag identification time effectively. 

However, in many applications, tags usually 
move along a fixed path in the reader's field, named 
mobile RFID systems [12-15]. A typical example of 
mobile RFID systems is the portal of a warehouse 
equipped with RFID reader to automatically identify 
passing tags and update the central database with the 
captured information. Another typical example of 
them is a conveyor belt in a factory or a logistic 
center where objects attached with RFID tags have to 
be identified [9]. In the scenarios, tags stay the 
reader's field only for a certain time (sojourn time). 

Fig. 2 shows the mobile RFID system diagram and 
shows some parameters: the reader’s interrogation 
zone length, the tag moving velocity (assumed 
constant) and tag sojourn time S (given in slots) 
which is a quotient between the reader’s interrogation 
zone length and the time interval for one slot. Mobile 
RFID systems shown in Fig. 2 are our research 
scenarios. 

 
 

 
 

Fig. 1. “Early end” for idle slots. 
 
 

 
 

Fig. 2. The mobile RFID system diagram. 
 
 
How to decrease tag loss is an important research 

issue in mobile RFID systems. Therefore, we regard 
tag loss ratio (TLR) as a critical performance metric, 
which is defined as the quotient between the number 
of lost tags and the total number of tags entering the 
interrogation zone [12, 13]. Obviously, TLR is 
related to other many system performance metrics, 
such as throughput, the identification efficiency, the 
error rate of tag estimation and the identification 



Sensors & Transducers, Vol. 153, Issue 6, June 2013, pp. 124-128 

 126 

delay [8]. For example, if the identification delay of 
protocol A is higher than that of protocol B, then 
TLR of protocol A is usually lower than that of 
protocol B. Compared with other performance 
metrics, the users of RFID systems put more 
emphasis on TLR because tag loss is often 
unpermitted for most RFID applications. So, we only 
focus on the performance metric TLR in the paper. 

In mobile RFID systems, there exists a special 
type of slots, named lost tag slots, which is different 
from the idle, collision and success slot. The reason 
for its appearance is that one or more tags have left 
the reader’s fields unidentified when the reader 
identifies them, as shown in Fig. 3. So, in the mobile 
RFID systems, there are four types of slots: idle, 
collision, successful and lost tag slots. In the figure, 
slot 8, 9 are lost tag slots. 

 
 

 
Fig. 3. The illustration of lost slots. 

 
 

In this paper, we will present an improved Vogt 
anti-collision protocol with early end feature which 
can decrease tag loss in the mobile RFID systems. 
The proposed protocol is named IVAEEMR protocol. 

The remainder of this paper is organized as 
follows. In Section 2 we offer IVAEEMR protocol in 
the mobile RFID systems. Section 3 provides the 
simulation results. Finally, Section 4 concludes. 

 
 

2. IVAEEMR Protocol 
 
Compared with Vogt protocol, the feature of 

IVAEEMR protocol is that if the reader detects no 
transmission after a small period of time, it 
terminates idle slots and lost tag slots early during 
reading tag process, as shown in Fig. 4. Slot 13 and 
slot 15 are lost tag slots. From the figure, the time 
spent by idle and lost tag slots are decreased 
effectively. With adjusting the frame length, please 
refer to section Introduction. The method of 
IVAEEMR protocol can be summarized as follows:  

 
 

Fig. 4. Idle and lost tag slots terminated early. 
 
 

(1) At the beginning of a frame, the RFID Reader 
sends the Frame-begin command with a parameter N 
where N denotes the frame length. Upon hearing this 
command, unsilenced tags generate a random number 
from 0 to N – 1. Those generating ‘0’ reply 
immediately. 

(2) If only one tag replies, the reader can identify it 
and send back the Silence command. Upon hearing 
this command, the replied tag will be silenced, that is, 
it will not respond to future commands, while the 
other tags decrease their counter values by 1 and 
contend the channel if the counters reach 0. 

(3) If the reader detects a collision, the reader 
receives a collision sequence after a slot and the 
reader can not read it. Subsequently, the reader will 
send the Begin-slot command. Upon hearing this 
command, all the unsilenced tags will decrease their 
counters by 1 and contend the channel if their 
counters reach 0. 

(4) If no tag replies, the reader will send back the 
End-slot command early. This means that an idle slot 
or a lost tag slot has occurred. In this paper, we 
assume that time cost of an idle and a lost tag slot is 
equal to 0.4 times of that of a successful slot. Upon 
hearing this command, all the unsilenced tags will 
decrease their counters by 1 and contend the channel 
if their counters reach 0. In Fig. 4, Tag1 and Tag4 
select slot 13 and 15 to communicate with the reader, 
respectively. When the reader identifies them, they 
have left the reader’s field. So, slot 13 and slot 15 are 
lost tag slots. Early terminating these slots can save 
tag identification time. 

(5) After one frame ends, the Reader recomputes 
the frame length N according to the number of 
successful, idle and collision slots. For detailed 
adjustment method, please refer to section 
Introduction. Subsequently, the reader will begin a 
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new frame by sending the Frame-begin command if 
there are collision slots in the previous frame. 
 
 
3. Simulation and Results 
 

Now, we begin to evaluate the proposed protocol. 
Because TLR can be derived by mathematical model 
only for FSA and CSMA so far [8, 10], we offer a 
simplified mobile RFID experiment model. The 
model comprises 3 groups of mobile tags, as shown 
in Fig. 5 where T1 denotes the arriving interval 
between the 1st and 2nd groups of tags, T2 denotes 
the arriving interval between the 2nd and 3rd groups 
of tags, N1, N2 and N3 respectively denote the 
number of tags in the 1st, 2nd and 3rd groups of tags, 
S denotes the tag sojourn time. Notice that in the 
paper, all time related parameters, such as T1, T2 and 
S are measured in slot. Parameters S have been 
defined in section I. The reasons for using the 
simplified mobile RFID experiment model are the 
following: 
 
 

 
 

Fig. 5. Simplified mobile RFID experiment mode. 
 
 

(1) The simplified model is a basic cell of mobile 
RFID systems. The behavior of the 3 groups of 
mobile tags in the coverage area can reflect to some 
extent that of real mobile RFID scenarios. 

(2) As stated previously, there are no good 
mathematical methods that can help to compute the 
TLR of various anti-collision protocols in the mobile 
RFID systems so far. 

(3) The proposed experiment model can be very 
convenient to vary each experiment parameter, which 
is helpful to observe the behavior of various anti-
collision protocols from different perspectives. 

(4) Based on the simplified model, we can offer 
the TLR of various anti-collision protocols by 
simulation conveniently, as shown in the following. 

Below, we compare IVAEEMR protocol with 
Vogt [14] which is similar to the proposed protocol 
except that it is not characterized by early end. Our 
simulation based on Monte Carlo technique and the 
simplified mobile RFID experiment model. 

In the Fig. 6 (a), we survey the relationship 
between TLR and the tag density by changing the 
number of tags N2 in the second group. Related 
parameters in the experiment are: N1=80, N3=80, 

T1=50, T2=100, S=350. We can find that TLR of 
both protocols increases as the tag density increases. 
The reason is that the reader must identify more tags 
in the identical interval. Compared with Vogt, 
IVAEEMR protocol has better performance. For 
example, when the number of tags in the second 
group N2 is equal to 60 tags, TLR of IVAEEMR is 
nearly 20 percent while that of Vogt is 38 percent. 

 
 

 
 

(a) TLR vs. the tag density. 
 

 
 

(b) TLR vs. the sojourn time model. 
 

 
 

(c) TLR vs. tag arrival rate. 
 

Fig. 6. TRL of IVAEEMR and Vogt protocols. 
 
 
In the Fig. 6 (b), we survey the relationship 

between TLR and the tag sojourn time S by changing 
S (corresponding to change of the tag moving speed 
or the reader coverage area length). Related 
parameters in the experiment are: N1=80, N2=80, 
N3=80, T1=50, T2=100, We can find that TLR of 
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both protocols decreases as S increases. The reason is 
that the reader has more time to identify tags as S 
increases. Compared with Vogt, IVAEEMR protocol 
has better performance. For example, when tag 
sojourn time S is larger than or equals 300 slots, TLR 
of IVAEEMR protocol is 30 percent while that of 
Vogt is about 46 percent.  

In the Fig. 6 (c), we survey the relationship 
between TLR and tag arrival rate by changing T1. 
Related parameters in the experiment are: N1=80, 
N2=80, N3=80, T2=100, S=350. From the figure, we 
can find that TLR of both protocols decreases as the 
tag arrival rate become slow. The reason is that the 
reader has more time to identify tags when the rate 
becomes slow. Compared with Vogt, IVAEEMR has 
better performance. When T1 is equal to 60 slots, 
TLR of IVAEEMR protocol is nearly 20 percent 
while that of Vogt protocol is equal to about  
36 percent. 

In general, the simulation results demonstrate that 
compared with Vogt, IVAEEMR protocol can reduce 
TLR and improve mobile RFID system performance 
remarkably since it can terminate idle and lost tag 
slots early. 

 
 

4. Conclusions 
 

This paper offers a term lost tag slot first in the 
mobile RFID systems. On this basis, IVAEEMR 
protocol is proposed. The protocol terminates idle 
and lost tag slots, which can decrease TLR 
effectively in the mobile RFID system. 
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Abstract: In this paper a distributed model with three possible static modes was presented to investigate the 
behavior of the plate subjected to electrostatic force and uniform hydrostatic pressure both before pull in and 
beyond pull in. The differential governing equation of the micro circular plate specifically used for numerical 
solution of the three modes, in which the singularity at the center of the micro plate did not occur, was presented 
based on the classical thin plate theory, Taylor’s series expansion and Saint-Venant’s principle. The numerical 
solution to the differential governing equation for the different mode was mainly attributed to solve for one 
unknown boundary condition and the applied voltage, which could be obtained by using a two-fold method of 
bisection based on the shooting method. The voltage ranges over which the three modes could exist and the 
points where transitions occurred between the modes were computed. Incorporating the above numerical 
solution to the applied voltage at the normal mode with some constrained optimization method, pull-in voltage 
and the corresponding pull-in position can automatically be obtained. In examples, the entire mechanical 
behavior of the circular plate over the operational voltage ranges was investigated and the effects of different 
parameters on pull-in voltage were studied. The obtained results were compared with the existing results and 
good agreement has been achieved. Copyright © 2013 IFSA. 
 
Keywords: Micro circular plate, Pull-in voltage, Electrostatic force, Uniform hydrostatic pressure, Numerical 
solution. 
 
 
 

1. Introduction 
 

Electrostatically deflected elastic systems are 
studied in microelectromechanical systems (MEMS), 
such as microswitches and micropumps because of 
low power consumption, fast response time and high 
efficiency. All such systems exhibit a static 
instability phenomenon which is known as the pull-in 
instability, and in the design of such systems the 
static instability or pull-in phenomenon is of great 
practical importance. The static instability analysis of 
these systems started in the late 1960s by Nathanson 
et al. [1] (it was Nathanson who introduced the name 
pull-in instability) and Taylor [2]. Since their 

pioneering work, numerous investigators have 
analyzed and developed mathematical models of 
electrostatic actuation, such as lumped element 
models [3-5], one-dimensional distributed models  
[6-9], and three-dimensional finite element models 
[10-11] in attempts to understand further and control 
the static instability. Simple lumped element models 
of MEMS actuators with a single degree of freedom 
result in easy calculations but fail to capture details of 
the behavior, such as the bending moment and the 
shearing force. Three-dimensional finite element 
models lead to a detailed and accurate prediction, but 
simulations are expensive in time and computation, 
particularly for problems involving mechanical 
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contacts such as those in microswitches. One-
dimensional distributed models can give useful 
results with reasonable effort, and the results are in 
well agreement with those obtained with three-
dimensional finite element models. Micro circular 
plates are used in many microelectromechanical 
devices as micropump [12, 13], micro pressure 
sensors [14], microphones [15] and micro resonators 
[16]. Soleymani et al. [12] used a distributed model 
to investigate the pull-in instability of a circular plate 
subjected to nonlinear distributed electrostatic force 
with a finite difference method. Nabian et al. [13] 
also used the distributed model to investigate the 
pull-in instability of a circular plate subjected to 
nonlinear non-uniform electrostatic pressure and 
uniform hydrostatic pressure, in which in order to 
linearize the non-linear governing equation, a step by 
step linearization method was used and then the 
linear system of equation was solved by finite 
difference method. Liao et al. [17] obtained closed-
form solutions for both the position and the voltage 
of the static pull-in event by considering the first-
order deflection mode and using a fifth-order 
Taylor’s series expansion of the electrostatic force. 

In this paper a distributed model with three 
possible static modes (normal mode, transition mode 
and touch mode) will be used to investigate both the 
pull-in instability and beyond the pull-in instability of 
a circular plate subjected to non-uniform electrostatic 
pressure and uniform hydrostatic pressure. The entire 
mechanical behavior of a micro circular plate under 
both non-uniform electrostatic pressure and uniform 
hydrostatic pressure is modeled accordance with a 
thin Kirchhoff plate theory. Three possible static 
modes of the plate along with an intermediate 
dielectric layer between electrodes are first 
introduced. The non-linear differential governing 
equation is then modified for numerical solution of 
the first two modes by means of Taylor’s series 
expansion and Saint-Venant’s principle. The 
modified differential governing equation is without 
singularity at the center of the plate, and so it can be 
used for numerical solution. Last the modified 
differential governing equations for the three 
different modes are solved by a numerical method. In 
the method the solution to the modified differential 
governing equation is mainly attributed to solve for 
one unknown boundary condition and the applied 
voltage, which can be obtained by using a two-fold 
method of bisection based on the shooting method. In 
addition, some constrained optimization method, in 
which the objective is the pull-in voltage ,the variable 
is the deflection at the center of the plate, and the 
constraint is that the deflection at the center of the 
plate is between 0 and some largest value, may be 
used to obtain the pull-in voltage and the 
corresponding pull-in position. That is, solution to the 
pull-in voltage is to find a value of the deflection at 
the center of the circular plate at the normal mode 
that maximizes the applied voltage. In examples, the 
entire mechanical behavior of the circular plate over 
the operational voltage ranges is investigated and the 

effects of different parameters, such as radius and 
thickness of the plate, thickness of the dielectric 
layer, uniform hydrostatic pressure, uniform residual 
stress and initial gap on the pull-in voltage are 
studied. 
 
 
2. Three Modes 
 

As Fig. 1 shows, an electrostatic micro actuator 
[12, 13] with a pair of parallel circular plates is 
considered, and the model for mechanics analysis is 
shown in Fig. 2, in which g is the initial gap between 
the circular plate and the dielectric layer, t is the 

thickness of the circular plate, U is the applied 
voltage between the circular plate and the substrate, 

0q is the hydrostatic pressure, 1t is the thickness of 

the dielectric layer, a is the radius of the circular 
plate, and w  is the deflection of the circular plate at 
radius r . 

The micro circular plate illustrated in Fig. 2 has 
three possible modes [18, 19] over the operational 
voltage range. These modes differ in the boundary 
conditions at the center of the circular micro plate 
and are as follows. 
(i) Normal mode. The region before the top plate 

reaches the dielectric layer above the substrate 
is referred as the normal mode operation. At the 
mode, the micro circular plate has no contact 
with the dielectric layer and is illustrated in Fig. 
3(a). The first derivative of w with respect to 
r or angle of rotation and the shearing force at 
the center of the plate are both equal to zero 
because of symmetry. 

(ii) Transition mode. The plate touching the 
dielectric layer only at the center is said to be 
the transition mode operation. At the mode, 
only the center of the micro circular plate 
touches the dielectric layer and is illustrated in 
Fig. 3 (b). At the beginning of the transition 
mode, that is at the end of the normal mode, the 
second derivative of w with respect to r  
reaches a minimum(an absolute maximum), and 
at the end of the transition mode, i.e. the 
beginning of the touch mode, the second 
derivative of w with respect to r  at the center 
has become to zero. 

(iii) Touch mode. When a part of the micro circular 
plate is in contact with the dielectric layer, the 
electrostatic micro actuator works in touch 
mode, as illustrated in Fig. 3(c), and the contact 
radius of the micro circular plate  varies with 
the applied voltage. The first and the second 
derivatives of w with respect to r are both 
equal to zero at the points separating the contact 
and the non-contact regions of the micro 
circular plate.  

The first two modes represent boundary value 
problems while the third mode represents a free 
boundary problem [6]. 
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Fig. 1. Schematic diagram of an electrostatic. 
 
 

 
 

Fig. 2. The model for mechanics analysis. 
 

 

  
 

Fig.3 (a). Normal mode operation. 
 

 
Fig. 3 (b). Transition mode operation. 

 
 

Fig. 3 (c). Touch mode operation. 
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3. Modification of Differential Governing 
Equation 

 
The differential governing equations and the 

related boundary conditions differ at different modes. 
They are stated respectively as follows.  
 
 
3.1. The Differential Governing Equation  

at the Normal Mode 
 

The Kirchhoff (classical thin) circular plate theory 
with a uniform residual biaxial plane stress 
considered can be shown in general by following 
differential equation [13, 17] 
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where )(rw is the deflection of the plate a distance r  

form the center of the micro circular plate;  is the 
uniform residual biaxial plane stress; )(rq  is the sum 

of both electrostatic and uniform hydrostatic 
pressure 0q ; and D is the flexural rigidity which can 

be expressed as 
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where E is Young’s modulus; and  is Poisson’s 

ratio. The hydrostatic-electrostatic pressure applied a 
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where U is the applied voltage; 0 is the vacuum 

permittivity; r  is the relative permittivity of air; 

G is the equivalent initial gap which can be  
written as 
 

 11 /tgG  , (4) 
 
where 1  is the relative permittivity of the dielectric 

layer. 
It can be seen from equation (1) that the 

singularity appears at the center 0r . As a result of 
the singularity at the center, equation (1) cannot be 
directly used for a numerical solution to a solid 
circular plate. 

From Taylor’s series expansion of r and under 
conditions the angle of rotation and the shearing 

force are both zero at the center by symmetry, one 
has 
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where )(O  is “big oh” notation. 

Substituting the above three expressions in 
equation (5) into the shearing force )(rQ  at the 

center, one has 
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Therefore, the differential equation (1) can be 
modified as 
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The boundary conditions are 
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Equation (8), which is the fundamentals in the 
numerical investigation of deflection for a micro 
circular plate in the paper, can now be used for a 
numerical solution because of no singularity at 0r . 
 
 
3.2. The Differential Governing Equation  

at the Transition Mode 
 

Because a concentrated reaction acts at the center 
of the circular plate at the transition mode, the 
moment and the shearing force at the center of the 
circular plate are all singular [20], and therefore 
equation (8) cannot be solved by a numerical method. 
By using Saint-Venant’s principle [21], the 
concentrated force acted at the center of the circular 
plate can be replaced by a force distributed over a 
small circular area (in fact a concentrated force is a 
simplification for a force distributed over a small 
region), which is statically equivalent to the 
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concentrated force, in order for the singularity to 
vanish. Such a replacement of the concentrated force 
for a distributed force makes it possible for one to 
find the numerical solution to the problem. 

As a result of using Saint-Venant’s principle, the 
differential equation (8) can be further modified as 
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where  is the radius of a small circular area; )(1 rq is 

a force distributed over the area of radius  . 
The boundary conditions are 
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3.3. The Differential Governing Equation  
at the Touch Mode 

 
At the touch mode, the differential governing 

equation without singularity is 
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The boundary conditions for the touch mode can be 
written as 
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As soon as a non-zero   is given, equation (12) 
can be solved numerically under the above boundary 
conditions much more easily than the first two 
modes. 

Touch mode capacitive pressure sensor has 
several advantages over normal mode sensor, such as 
good linearity, large operating pressure range, large 
overload protection and zero suppression possibility 
[22]. 
 
 

4. Numerical Solutions 
 

In generally, if the applied voltage, the uniform 
hydrostatic pressure and four boundary conditions, 

the deflection and its first three derivatives, at the 
center of the circular micro plate are known, the 
deflection and the first three derivatives at any point 
then can easily be obtained numerically from the 
differential governing equations (8), (10) or (12) by 
using some numerical technique such as the adaptive 
Runge-Kutta-Fehlberg algorithm [23] which can 
automatically adjust the step size and stop the 
calculations when a certain prescribed error criterion, 
such as 10-6, is met. Due to the three different 
configurations and therefore different boundary 
conditions, the unknowns at the center or at r of 
the micro circular plate are also different. The 
procedure of the numerical solution to equations (8), 
(10) or (12) for the three modes is stated respectively 
as follows. In the procedure, it is assumed that the 
uniform hydrostatic pressure is a constant and the 
applied voltage varies. Of course, it is possible that 
the applied voltage is given and the uniform 
hydrostatic pressure varies, as will be seen in section 
6 below. 
 
 
4.1. Solution to Normal Mode 
 

For this mode, the boundary conditions at the 
center are 
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where the deflection at the center 0w is given; the 

second derivative at the center 0w   and the applied 

voltage U are unknown (before pull-in phenomenon, 
it is possible that the applied voltage is given and the 
deflection at the center 0w  and the second derivative 

at the center 0w   are unknown). These two unknowns 

can be obtained with a two-fold method of bisection 
based on the shooting method from the conditions 
that both the deflection and the slope at the clamped 
edge of the circular micro plate are zero (the detail 
can be seen in [9], although the model in [9] is for a 
direct metal-metal contact type MEMS switch and 
the differential governing equation is also different). 
Obtaining the second derivative at the center 0w   and 

the applied voltage U, one can numerically calculate 
the deflection w(r) and its first three derivatives at 
any point with some numerical technique easily from 
equation (8). One can also calculate the volume 
change percentage PV [24] between the circular 

flexible plate and the dielectric layer or the ratio of 
the capacitance RC [25] between two electrodes 

numerically as follows 
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Incorporating the above numerical solution to the 

applied voltage with some constrained optimization 
method, such as Powell’s method [26], the pull-in 
voltage and the corresponding pull-in position can 
automatically be obtained on a computer with less 
manual intervention. 
 
 
4.2. Solution to Transition Mode 
 

For this mode, the boundary conditions at the 
center are 
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At this mode, the differential governing equation 

is (10), the second derivative at the center 0w   is 

given, and the applied voltage U and the force 
)(1 rq distributed over the area of radius  are 

unknown. In the paper, the force )(1 rq  is considered 

the distribution of pressure over the contact surface 
between the two bodies(one is the micro circular 
plate, and another is the substrate with the dielectric 
layer as shown in Fig. 1 ) and assumed, using the 
contact theory [27], as follows 
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or, for simplicity, the distribution of pressure over the 
contact surface is assumed as 
 

21 )(


P
rq   (19) 

 
where P  is the total force over the contact surface, 
and  is given in practice. 

At this mode, the applied voltage U and the total 
force P are unknown. Similar to the normal mode, 
these two unknowns can also be obtained with the 
two-fold method of bisection from the conditions that 
both the deflection and the slope at the clamped edge 
of the micro circular plate are zero. 
 
 
4.3. Solution to Touch Mode 
 

Because of grw )( in the range ],0[   at this 

mode, we should only calculate the deformations in 
the range ],[ a , and boundary conditions at 

r are 
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The differential governing equation without 
singularity is 
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At this mode, the applied voltage U and the third 

derivative w are unknown with   being given. 

Similar to the first two modes, these two unknowns 
can be obtained with the two-fold method of 
bisection from the conditions that both the deflection 
and the slope at the clamped edge of the circular 
micro plate are zero. 
 
 
5. Examples 
 
5.1. Entire Deformation Analysis of a Micro 

Circular Plate 
 

In this example, an entire analysis for the three 
different modes will be performed. The material and 
geometrical parameters in the example are listed in 
Table 1. All parameters except the relative 
permittivity and the thickness of the dielectric layer 
come from [13], in which these two parameters are 
useless because the normal mode before the pull-in 
phenomenon was only analyzed. 

  
Table 1. Material and geometrical parameters. 

 

Symbol Quantity Value 

E Modulus of elasticity 169 GPa 
μ Poisson’s ratio 0.3 

ε0 Vacuum permittivity 
8.854 
×10-12 
F·m-1 

ε1 
Relative permittivity of the 
dielectric layer 8.36 

εr Relative permittivity of air 1.0 
a Radius of the circular plate 250 μm 
t Thickness of the circular plate 20 μm 
t1 Thickness of the dielectric layer* 1.0 μm 
g Initial gap 1.0 μm 
τ residual biaxial plane stress 0 

0q  Hydrostatic pressure 0 
*Note: the breakdown voltage is in a range from 6 MV/cm to 12 
MV/cm from an inspection to the breakdown histogram for silicon-
nitride film [28]. 
 
 

Fig. 4 shows the applied voltage versus the center 
deflection of the micro circular plate at the normal 
mode. The second derivative at the center of the 
micro circular plate versus the center deflection of 
the micro circular plate is shown in Fig. 5. The 
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corresponding figures to demonstrate the volume 
change percentage or the ratio of the capacitance 
versus the center deflection of the micro circular 
plate at the normal mode are presented in Fig. 6 and 
Fig. 7. The pull-in voltage PIU  is about 373.62 V, and 
the related center deflection, the volume change 
percentage and the ratio of the capacitance are about 
0.52 μm, 16.5 %, and 1.21 respectively. The applied 
voltage and the minimum second derivative at the 
center 0w   are about 225.37 V and -1.0017×10-4 at the 

end of the mode, respectively. 
 
 

 
 

Fig. 4. Applied voltage versus center deflection. 
 
 
 

 
 

Fig. 5. Second derivative 0w   versus center deflection. 

 
 
 

 
 

Fig. 6. Volume change percent versus center deflection. 

 
 

Fig. 7. Ratio of the capacitance versus center deflection. 
 
 

At the transition mode, a numerical analysis of 
the solid circular plate is complicated by the fact that 
a concentrated reaction acts at the center of the 
circular plate. In this work, the concentrated force is 
replaced by a force distributed over a small circular 
area as shown in equation (18) or in equation (19) 
with a radius  . Some computed results for the 
different radiuses   are listed in Table 2 and Table 3 
for two different distributions of pressure. 
 
 

Table 2. Some applied voltages and the total forces 
obtained with the second derivative 0.00 w  and some 

different radiuses in Eqn. (18). 
 

Radius  (μm) Applied voltage 
U (V) 

Total force  
P (μN) 

6.5 258.83 6.8349×104 
5.0 256.56 6.1409×104 
3.0 252.96 5.1216×104 
1.0 247.46 3.7682×104 

1.0×10-2 237.27 1.7842×104 
1.0×10-4 233.49 1.1684×104 
1.0×10-6 231.53 8.6120×104 
1.0×10-8 230.34 6.7086×103 

 
 

Table 3. Some applied voltages and the total forces 
obtained with the second derivative 0.00 w  and some 

different radiuses in Eqn.(19). 
 

Radius  (μm) Applied voltage 
U (V) 

Total force  
P (μN) 

6.5 260.14 7.2728×104 
5.0 257.70 6.4947×104 
3.0 253.85 5.3672×104 
1.0 248.04 3.9002×104 

1.0×10-2 237.45 1.8132×104 
1.0×10-4 233.57 1.1785×104 
1.0×10-6 231.56 1.0277×104 
1.0×10-8 230.38 6.0441×103 

 
 

It can be seen from Table 2 that there is few 
change in the applied voltage for both two different 

distributions of pressure when 4100.1  , 
although the total forces quite differ for different 
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radiuses or different distributions. We will not 
concern ourselves unduly with the effect of the 
radius  , because the transition mode is only a 
temporary, uncontrollable state, as it is expressed by 

the term “transition mode”. μm 100.1 6 , 

which is much smaller than μm 5.6t325.0   

suggested in [29] and can at least give the first two 
correct digitals of the applied voltage (the relative 
error is less than 1.0 %), and the distribution of 
pressure in equation (18) are used to obtain the  
below results. 

Fig. 8 shows the applied voltage versus the 
second derivative at the center of the micro circular 
plate at the transition mode. Fig. 9 shows the total 
force over the circular area of radius 

μm 100.1 6  versus the second derivative at the 

center.  

The corresponding figures to demonstrate the 
volume change percentage or the ratio of the 
capacitance versus the second derivative at the center 
are presented in Fig. 10 and Fig. 11. The applied 
voltage is about 231.53 V at the end of the mode.  

Fig. 12 shows the applied voltage versus the 
contact radius at the touch mode. Because the change 
range of the third derivative at r  during the 
touch mode is too large to observe its behavior 
clearly in one figure, three figures over three different 
ranges for contact radius (from 0.0001 μm to 0.01 
μm, from 0.01 μm to 1.0 μm, and from 1.0 μm to 100 
μm) are used to describe its behavior shown in Fig. 
13(a)-Fig. 13(c). The corresponding figures to 
demonstrate the volume change percentage or the 
ratio of the capacitance versus contact radius at the 
touch mode are presented in Fig. 14 and Fig. 15. 

 
 

 
 

 
Fig. 8. Applied voltage versus second derivative. 

 

 
Fig. 9. Total force versus second derivative. 

  
 

Fig. 10. Volume change percent versus second derivative. 
 

Fig. 11. Ratio of the capacitance versus second derivative. 
 

  
 

Fig. 12. Applied voltage versus contact radius. 
 

Fig. 13 (a). The third derivative versus contact radius. 
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Fig. 13 (b). The third derivative versus contact radius. 
 

 
Fig. 13 (c). The third derivative versus contact radius. 

 

  
 

Fig. 14. Volume change percent versus contact radius. 
 

Fig. 15. Ratio of the capacitance versus contact radius. 
 
 
5.2. Effect of Some Parameters  

on the Pull-in Voltage  
 

In this example, the effect of some geometry 
dimensions, the radius and the thickness of the micro 
circular plate, the thickness of the dielectric layer, the 
initial gap, the uniform hydrostatic pressure, and the 
residual stress on the pull-in voltage will be analyzed. 
Note please that in the example, all parameters are 
the same as the Table 1 except for the parameter 
under discussion. 

The relation between the radius of the plate and 
the pull-in voltage is shown in Fig. 16. The relation 
between the thickness of the plate and the pull-in 
voltage is shown in Fig. 17. The relation between the 
thickness of the dielectric layer and the pull-in 
voltage is shown in Fig. 18. The relation between the 

initial gap between the plate and the dielectric and the 
pull-in voltage is shown in Fig. 19. The relation 
between the uniform hydrostatic pressure and the 
pull-in voltage is shown in Fig. 20. The relation 
between the residual stress and the pull-in voltage is 
shown in Fig. 21. 

Figs. 16 - 21 show how the pull-in voltage varies 
with a parameter. 

 
 

6. Comparison with Some Other Results 
 

Some obtained pull-in voltages without the 
dielectric layer for only electrostatic actuation are 
compared with some existing results as presented in 
Table 4-6. 

 
 

  
 

Fig. 16. Radius of the plate versus pull-in voltage. 
 

Fig. 17. Thickness of the plate versus pull-in voltage. 
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Fig. 18. Thickness the dielectric layer versus pull-in voltage. 
 

 
Fig. 19. Initial gap versus pull-in voltage. 

 

  
 

Fig. 20. Uniform hydrostatic pressure versus pull-in voltage. 
 

 
Fig. 21. Residual stress versus pull-in voltage. 

 
 
 

Table 4. Pull-in voltages obtained with two different methods for some radiuses of the plate. 
 

Radius 
a(μm) 

Pull-in 
voltage 

UPI(V)in 
[12] 

Pull-in 
voltage 

UPI(V) in 
this paper 

Relative 
error*(%) 

240 342.34 342.20 -0.041 
250 315.51 315.34 -0.054 
260 291.70 291.58 -0.041 

*The relative error is calculated with (result in this paper-result  
in reference)×100/result in this paper. 

 
 

Table 5. Pull-in voltages obtained with two different methods for some thicknesses of the plate. 
 

Thickness 
t(μm) 

Pull-in 
voltage 

UPI(V)in 
[12] 

Pull-in 
voltage 

UPI(V) in 
this paper 

Relative 
error 
(%) 

19 292.14 292.03 -0.038 
20 315.51 315.34 -0.054 
21 339.46 339.32 -0.041 

 
 

Table 6. Pull-in voltages obtained with two different methods for some initial gap. 
 

Initial 
gap g (μm) 

Pull-in 
voltage 

UPI(V)in 
[12] 

Pull-in 
voltage 

UPI(V) in 
this paper 

Relative 
error 
(%) 

0.9 269.39 269.26 -0.048 
1.0 315.51 315.34 -0.054 
1.1 363.99 363.82 -0.047 
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Some deflections at the center of the plate for 

several different hydrostatic pressures for a constant 
applied voltage 100 V are listed in Table 7, and some 
deflections at the center of the plate for several 
different applied voltages for a constant hydrostatic 
pressure 200 kPa are listed in Table 8. The 
deflections listed in Table 7 and Table 8 are all 
values before pull-in phenomenon. 
 
 

Table 7. Deflections at the center obtained  
with two different methods for U=100 V. 

 

Hydrostatic 
pressure 0q (kPa) 

Deflection 
w0(μm) in 

[13] 

Deflection 
w0(μm) in 
this paper 

Relative 
error 
(%) 

0 0.02367 0.02248 -5.29 
200 0.12862 0.12444 -3.36 
700 0.39804 0.38535 -3.29 
1200 0.71870 0.68017 -5.66 

 
 

Table 8. Deflections at the center obtained with two 
different methods for q0=200 kPa. 

 
Applied 
voltage 
U(V) 

Deflection 
w0(μm) in 

[13] 

Deflection 
w0(μm) in this 

paper 

Relative 
error  
(%) 

0* 0.10184 0.09858 -3.31 
100 0.12862 0.12444 -3.36 
200 0.22639 0.21752 -4.08 
280 0.64154 0.47685 -34.54 

* Note: the theoretical deflection at the center [20] for the 

applied voltage 0U is μm 098595.0
64

4
0

0 
D

aq
w . 

 
 

It can be seen from Table 4-Table 8 that good 
agreement except for one case of the applied voltage 
280 V in Table 8 has been achieved. 

Another comparison is also made. The pull-in 
voltages obtained in this paper and in [17] are 
19.2194 V and 20.1792 V respectively with 
parameter values of μm 250a  , μm 01.3t  , 

μm 014.1g  , Gpa 6.150E  , 0435.0 , and 

 Mpa8.7 . The relative error is -4.99 %. 

 
 

7. Conclusions 
 

A distributed model with three possible static 
modes was presented to investigate the behavior of 
the plate subjected to electrostatic force and uniform 
hydrostatic pressure both before pull in and beyond 
pull in. The differential governing equation of the 
micro circular plate specifically used for numerical 
solution of the three modes without singularity was 
presented based on the classical thin plate theory, 
Taylor’s series expansion and Saint-Venant’s 
principle.  

The numerical solution to the differential 
governing equation for the different mode was 

mainly attributed to solve for one unknown boundary 
condition and the applied voltage, which could be 
obtained by using a two-fold method of bisection 
based on the shooting method. Because the deflection 
at the center was given, which avoided the numerical 
interpenetration between the circular plate and the 
dielectric layer due to the computation error, and 
solution to the differential governing equation could 
be directly obtained without accumulated error for 
both before pull-in and after pull-in phenomenon, 
some constrained optimization method can be 
incorporated to the solution to obtain pull-in voltage 
automatically on a computer with less manual 
intervention. 

The control to the error in this method is very 
simple, and the method can be carried to any degree 
of accuracy desired with little try at the expense of 
time and computer costs. 

In examples, the entire mechanical behavior of 
the circular plate over the operational voltage ranges 
was investigated and the effects of different 
parameters, such as radius and thickness of the plate, 
thickness of the dielectric layer, uniform hydrostatic 
pressure, uniform residual stress and initial gap on 
pull-in voltage were studied. From comparison with 
some other obtained results, good agreement is 
achieved. 
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Abstract: The standardized configuration methods of sensors and sensor nodes were presented based on the 
basis of the sensor signal and data interface standardization efforts of China Standardization Working Group on 
Sensor Networks (WGSN). The self-descriptive digital communication sensors that can be configured by the 
sensor nodes were designed and developed. And the sensor nodes could automatically identify the docking 
sensors. The application demo indicates that sensor node can automatically identify the accessing sensors and 
completes the corresponding configuration, which can also calibrate these sensors. Copyright © 2013 IFSA. 
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1. Introduction 
 

The traditional sensors have different interfaces to 
meet the needs of different applications, but its 
interface diversity also produced inconvenience in 
application of integrated adaptation and maintenance 
of sensor application system. In the sensor network 
continuous development today, the sensor providing 
an open, unified plug-and-play interface has become 
an urgent need [1]. 

Some industry organizations and academic 
institutions have proposed standards and norms to 
facilitate the convenience of using the sensors and 
improve intelligence of sensors 

 
 
1.1. IEEE 1451 Standard System 
 

IEEE 1451 is a set of smart transducer interface 
standards developed by the Institute of Electrical and 
Electronics Engineers (IEEE) Instrumentation and 
Measurement Society’s Sensor Technology 
Technical Committee [2, 3] that describe a set of 
open, common, network-independent communication 

interfaces for connecting transducers (sensors or 
actuators) to microprocessors, instrumentation 
systems, and control/field networks[4]. One of the 
key elements of these standards is the definition of 
Transducer electronic data sheets (TEDS) for each 
transducer. The TEDS is a memory device attached 
to the transducer, which stores transducer 
identification, calibration, correction data, and 
manufacturer-related information. The goal of the 
IEEE 1451 family of standards is to allow the access 
of transducer data through a common set of interfaces 
whether the transducers are connected to systems or 
networks via a wired or wireless means. 

IEEE 1451 standard system consists of IEEE 
1451.0 to IEEE 1451.7. In IEEE 1451.1, the Network 
Capable Application Processor Information Model 
(NCAP) was designed as an agent between Smart 
Transducer Interface Module (STIM) and upper 
network. NCAP connected with STIM by the special 
Transducer Independent Interface (TII) [5]. 
IEEE1451.4 defines the protocol and interface that 
allows analog transducers to communicate digital 
information with an IEEE1451 object [6]. It also 
defines the format of the Transducer TEDS. The 
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Transducer TEDS is based on the IEEE 1451.2™ 
TEDS. The standard does not specify the transducer 
design, signal conditioning, or the specific use of the 
TEDS. 
 
 
1.2. WGSN Interface Standard System 
 

In order to keep up with the rapid development of 
the sensor network [7, 8], China Standardization 
Working Group on Sensor Networks (WGSN) was 
established in Beijing on September 11, 2009. It was 
approved and established by the National 
Standardization Management Committee and the 

National Information Technology Standardization, 
which lead the national technical organization that 
engages in the sensor network standardization work. 
Sensor network standard is an important part of 
Chinese Internet of Things technology standard 
system. The standard is mainly related to the unified 
norms that deal with the content of the general 
specification, interfaces, communication and 
information exchange, service support, collaborative 
information processing, network management, 
information security and testing and so on. Fig. 1 
shows the sensor network technology standard 
architecture [9]. 

 
 

 
Fig. 1. Sensor network technology standard architecture. 

 
 

According to the construction of the sensor 
network standard system, WGSN consists of a total 
of 13 standard project groups: the PG1 (International 
Standardization), the PG2 (standard system and 
system architecture), the PG3 (communication and 
information exchange), the PG4 (collaborative 
information processing), the PG5 (identification), the 
PG6 (security), the PG7 (interface), the PG9 
(gateway), the PG10 (research and testing of the 
wireless spectrum), the PG11 (sensor network 
equipment technical requirements and test 
specifications), the HPG1 (Airport enclosures sensor 
network anti-intrusion system technical 
requirements), the HPG2 technical requirements (for 
large building energy efficiency monitoring sensor 
network system) and the HPG3 (agricultural 
applications). Interface standards intend to provide 
standard intelligent plug-and-play interface 
specification for sensor manufacturers and systems 
integration and application vendors, to solve the 
sensor interface diversity in different application 
areas that lead to incompatibility and repeatability 
configuration and other issues. On the basis of Sensor 
signal interface and data interface development 
effort, specifications for signal and data signal were 

formatted into data. At the same time, to develop and 
design intelligent sensors and sensor nodes, signal 
and data specifications were programmed into 
sensors and sensor nodes. The experimental results 
show that, sensors and sensor nodes which interface 
were normalized and standardized can automatically 
identify and establish communication links in order 
to achieve automatic configuration and calibration. 

In order to better illustrate the applications of 
interface standard in the sensor, sensor nodes and 
upper network, this paper is organized as follows: 
The second part gives a general introduction of the 
sensor data interface standard draft v1.2. Parts III and 
IV introduce the principle and design of sensors of 
digital communication type and sensor nodes 
respectively. The fifth section describes the 
consistency of the interface standard and interaction 
protocols between the sensors and sensor nodes, as 
well as unified accessing specification in the upper 
web application. A demo of the application among 
the sensors, sensor nodes and upper web application 
is illustrated and demonstrated in section VI. Finally, 
the conclusion and future work are described in this 
paper. 
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2. Sensor Data Interface Standard 
Introduction 

 
Sensor data interface standard [8] is a second 

portion of the sensor network interface standard, 
which give the specifications of sensor self-
descriptive files and data interface presentation 
format of digital communication type sensors, as well 
as interaction protocols between the sensor node and 
the upper network application. Its successful 
development will be suitable for the production of 
sensors and sensor nodes, testing, system integration 
and the upper network application development or 
other applications. 

The front portion of this standard [10] provides 
information specification of the identity of the sensor, 
the measurement of the sensor, the amount of 
classification of the measuring encoding, the 
encoding of output signal type associated with the 
sensors. The detailed requirements are shown in  
Fig. 2.  

In addition, from the point view of the sensor 
node, further specification of the general parameters 
[10] of the sensor node, the parameters of the channel 
group, the channel parameter type and the parameters 

that user can customize are provided as shown  
in Fig. 3. 
 
 

 
Fig. 2. Sensor information parameter structure. 

 
 

 
 

Fig. 3. Sensor node parameter diagram. 
 

 
Finally, in the aspects of the interaction between 

the digital communication sensor and the sensor node 
as well as between the sensor node and the upper 
layer network applications, the interactive data type, 
access commands, communication protocols, and so 
on, are given in the specifications and requirements 
of the consistency among of them. Fig. 4 illustrates 
the network hierarchy and the impacting range of 
data interaction protocol [10]. In recent years, due to 
the continuous development of the sensors, 
intelligence of sensors is continuously improved and 
boundaries between sensors and sensor nodes are 
blurred. And a lot of intelligent integrated network 
sensors emerged. Nevertheless, from the view of the 
data processing and transmission, the data 
acquisition, the digital processing and network 
transmission process are still the main constant 
components, so that the sensor interface and the data 

interface standard are necessary and applicable. In 
order to illustrate the application range of the 
interface standards from the view of the hierarchical, 
sensors and sensor nodes are clearly apart by 
function, and were designed individually, as shown 
in Fig. 4. 
 
 

3. Sensor of Digital Communication 
Design 

 
Usually, sensor physical quantities such as 

temperature, pressure, velocity can be converted into 
an electrical signal output according to certain rules, 
based on these, sensors that digital processing and 
communicate with other devices are called as digital 
communication type sensor, as shown in Fig. 5  
[11-14]. 
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Fig. 4. Sensor network hierarchy and data interaction 
protocols scope. 

 
 

 
 

Fig. 5. Digital communication sensor diagram. 
 
 

Generally, add the AD converter, microprocessor 
and communication interface models to analog type 
sensor, as shown in the dashed box of Fig. 5, which 
formed into a digital communication type sensor. 
Some microprocessor provide the AD converter 
,Flash Memory, universal serial communication 
interface and so on, such as C8051f000 series 
microcontroller, which have built-in 8-channel 12-bit 
ADC conversion, and UART communication 
interface with sensing nodes[15]. 

Sensors’ own descriptions in binary format are 
programmed into Flash Memory of processor. 
Including channel number, identity number, code of 
the number of measurement, code of measurement, 
code of output signal, code of characteristic 
parameters, these parameters above can be reduced 
according to the actual situation. 
 
 
4. Sensor Node Design 
 

The function of the sensor node is that connecting 
with digital communication type sensor or analog-
type sensor below in the sensor network hierarchical 
chart, and automatically identifying the sensors, and 
giving the required configuration for the docking 
sensors, mean- while, collecting data and formatting 
the data then transmitting the data to upper 
application through the network communication in 
accordance with the communication protocols. A 
configuration diagram [16] of the general principle of 
the sensor nodes consists of the sensor accessing 
port, microprocessor, and network communication 
controller, as shown in Fig. 6. 

 
 

Fig. 6. Sensor node schematic diagram. 
 
 

Data interface parameters in the sensor node are 
described in the same binary format and programmed 
into the microprocessor’s Flash Memory, which 
mainly include the overall node parameters, 
parameters of the channel group, channel parameters, 
user-defined parameters, Channel parameters that 
including voltage channel parameters, the current 
channel parameters and so on. 
 
 
5. Interaction Protocols 
 

The interaction protocols are suitable for sensor 
nodes and digital communication type sensors, by 
which the sensing data, sensors own information and 
status can be accessed and configured. In order to 
maintain the unity of the access interface, sensors and 
sensor nodes that communicate with the upper 
application network use the same interaction protocol 
[10]. Table 1 shows the frame format that is defined 
for data communication. 

Detailed explanation of the frame format is shown 
in Table 2. 

Command words in the Table 3 of macro 
definitions are used to describe the interface file. 

 
 

6. Application Demo and Interactive 
Example 

 
In general, sensor manufacturers format the 

channel number, identity number, code of the number 
of measurement, code of measurement, code of 
output signal, code of characteristic parameters, 
calibration information and extended information 
into flash storage built-in digital sensor. The users 
can use Sensor_Node_Config tool as shown in Fig. 7, 
on the left side tree of which, the Read_Sensor_Para 
function module can read the basic information of 
sensor, and further configure the sensor according to 
the environmental conditions, such as the relevant 
information and channel information, the 
Remove_Node_Para module can remove the 
parameter information of the sensor nodes. 

To change the configuration of the nodes, the 
model of Sensor_Node_Config on the left side tree of 
Config_Node_Para can complete this task. Reading 
the parameters of docking sensor can achieve by 
using Read_Sensor_Para function module on the left 
side tree of Sensor_Node_Config software. 
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Table 1. Data communication frame format definition. 
 

Frame header Data length 
Command 

word 
Data length of 
command area 

data CRC8 

 
 

Table 2. Frame format. 
 

Entries Bytes Description 
Frame header 2 Bounded as 0x00AA 

Data length 2 
Represent the length of [command word+ data length of command area 
+data] 

Command word 1 Represent the type of command 
Data length of 
command area 

2 Data length of command area 

Data N 
Command ancillary data, such as configuration data description file, 
command, must attach the data content of the data description file, the 
data area also requires the use of the TLV format description. 

CRC8 1 
8bits CRC redundancy code of data that besides the header and the CRC 
code. The CRC polynomial provisions: C(x) = x^8 + x^2 + x + 1 (CRC-8-
CCITT) 

 
 

Table 3. Command word code. 
 

Entries Code Description 
0x02(CMD_RMPROF) Remove data description file 

0x03(CMD_RMPROF_ACK） 
The node feedback after removing data description 
file 

0x04(CMD_WRPROF) Configuration data description file 

0x05(CMD_WRPROF_ACK) 
The node feedback after configuration data 
description file 

0x06(CMD_RDPROF） Read the data description file 
0x07(CMD_RDPROF_ACK) The node feedback after read data description file 
0x08(CMD_DATA) Read data  

0x09(CMD_DATA_ACK) 
The node return sensing data while data command 
is received 

0x0A(CMD_DATACTL) Data control 

0x0B(CMD_DATACTL_ACK) 
The node feedback after the data control command 
received, 

Command word 
(0x00-0x1F, 
0x00-0x01, 
0x0C-0x1E 
reserved) 

0x1F(CMD_ERR) Error flag 
 

 

 
 

Fig. 7. Sensor node configure tool. 
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The configuration tool as show in Fig. 7 can be 
run on PC as shown in Fig. 8, to complete the 
configuration of the sensors and sensor nodes.  

 
 

 
 

Fig. 8. Sensor configuration. 
 
 

Sensor nodes generally have the capacity of 
information storing, data acquisition and transmission 
through network, which can dock with digitized 
sensor by wireless or wired network, and also can 

connect with analog sensors. The sensor nodes in  
Fig. 8 connect with digital sensor by wireless 
Bluetooth connection, and connect with analog 
sensors by interface of voltage or current connection. 

After configuration has completed, the sensor 
node can identify the sensors that docked. Then it 
acts as the role of data collecting and transmission as 
shown in Fig. 8. 

For analog sensor, sensor manufacturers generate 
XML files according to sensor network interface - 
Part 2: Data Interface Standard by the tool as shown 
in Fig. 9. The XML files may include the information 
such as sensor accessing channel type, version 
number, manufacturer, model number, serial number, 
units of measurement, the measuring range, the 
mapping mode, characteristic parameters and 
calibration information. The users can also use the 
XML file by the tool as shown in Fig. 7, read this 
information and load it into the connected sensor 
nodes as shown in Fig. 8. It must be noted that: 
whether the sensor node configuration or the 
generation of the basic information of the sensor, 
they are all designed and generated in accordance 
with the preceding sensor data interface standards.  

 
 

 
 

Fig. 9. Sensor XML tool. 
 
 

7. Conclusions 
 

Sensor network interface - Part 2: data interface 
standard is developed and led by China 
Standardization Working Group on Sensor Networks 
(WGSN). Sensor network standard is an important 
part of China's Internet of Things technology 
standard system, the standard mainly focus on the 
content of the norms of the general specification, 
which consist of interfaces, communication and 
information exchange, service support, collaborative 
information processing, network management, 

information security and testing. The organization 
also received the support and help of the relevant 
Chinese departments. 

This paper, based on the sensor network interface 
- Part 2: Data Interface standard, establish an 
interactive way from sensors to the sensor nodes, 
from the sensor manufacturer designing and 
manufacturing to the user’s integrating and using. 
Based on plug-and-play goal, two configuration tools 
are developed that are applicable to digital sensors 
and analog sensors. They also follow by the standard 
specification of the sensor network interfaces - Part 2: 
Data Interface. 
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Finally, interactive application examples are 
given for digital sensors and analog sensors that 
changing configuration, reading information, 
accessing identification, information inputting. These 
appropriately describe the role and status of the 
standard. 

The future work is to evaluate the effect of this 
solution and to spread the sensor network interface - 
Part 2: Data Interface standard. 
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Abstract: The objective of the present paper is designing 8051 microcontroller based temperature control 
system to study the reaction of controlled variable with respect to load changes. The process temperature 
under control is measured using RTD. Then using a microcontroller and suitable software, this instantaneous 
value of temperature is compared with the desired temperature. The resulting error has been used by the 
microcontroller to control the firing angle of a TRIAC for controlling the power applied to the heater. The 
trigger pulse for the TRIAC is delayed by the microcontroller to provide the required voltage to be fed to the 
heater to get the desired temperature. Thus a continuous closed loop temperature monitoring and control has 
been achieved. The proportional control scheme has been described in the present paper. The behavior of the 
process temperature has been studied with respect to load changes. Experimental results have been presented 
to study the reaction of controlled variable or process temperature with respect to load changes. Copyright © 
2013 IFSA. 
 
Keywords: Temperature controller, RTD, TRIAC, 8051 microcontroller, Firing angle, Load change. 
 

 
 
1. Introduction 
 

Physical and chemical reactions are sensitive to 
temperature and consequently, temperature control is 
important in several industrial processes [1]. 
Temperature controllers which use digital computers 
as a central unit, posses , by virtue of their computing 
power, features such as high accuracy, 
programmability and adaptability [1]. When the 
temperature sensors used produce their output in the 
voltage or current form, a high precision A/D 
converter will be required for interfacing the sensing 

device with the computer or the microcontroller. 
Many advanced Temperature control techniques have 
been reported in past couple of years.  
S. Kaliyugavaradan [1] has implemented PID 
algorithm to control firing angle of SCR for 
controlling the power applied to the heater, in a 
microcontroller based programmable temperature 
controller using RTD as temperature sensor. Joseph 
M. Diamond [2] has presented TRIAC phase control 
circuit in response to the amplitude of a sine wave 
signal of line-frequency. A brief description of 
optically coupled TRIAC driver circuit operating 
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from the normal 115 V ac line is given by V. P. 
O’Neil, P. G. Alonas and D. M. Gilbert [3]. This 
device provides optical isolation of the line TRIAC 
from the logic trigger signal and in addition performs 
the logic necessary to provide TRIAC triggering only 
at zero crossing of the AC line voltage. A 
temperature programmer for use with single crystals 
and other samples in vacuum is presented by R. J. 
Muha, S. M. Gates and J. T. Yales [4]. A digitally 
programmable temperature controller based on 
phase-locked loop is discussed by O. I. Mohamed,  
S. Shoji and K. Watanabe [6]. B. T. Akgun [7] has 
introduced a low cost microcontroller based 
temperature controller for furnaces and ovens. James 
S. Mc. Donald [8] has proposed a suitable method to 
develop a temperature control system for an air-filled 
chamber. Zhu Hongli and Bai Liyuan [9] has 
designed an inspecting and alarming system based on 
AT89C51 microcontroller. The hardware circuit of 
this system is composed of collector, host control 
machine and PC. Nang Kaythi Hlaing and Lwin Lwin 
Oo [10] have introduced the design and 
implementation of a microcontroller based single 
phase automatic voltage regulator (AVR). This 
design is based on the principle of phase control of 
a.c. voltage using a TRIAC. In the same year Wen-
tiang Huang and Li Jin-Ping [11] studied the 
principle and functions of the intelligent temperature 
control system based on AT89S51, and the 
temperature measurement unit consists of the 1-Wire 
bus digital temperature sensor DS18B20. In the same 
year Qian Zhang [12] introduced a new design 
method of digital thermometer to achieve 
temperature display, which uses AT89C52 as the 
main control device, DS18B20 as the temperature 
sensor, and anode with a total of three LED 
digital tube to transmit data. Its hardware circuit 
includes the main controller, temperature 
measurement circuit and display circuit. A closed 
loop control system structure was designed by A. 
Baskys, V. Gobis and V. Zlosnikas [13] in which the 
controller is provided with the information that 
allows the controller to know if the control system 
was disturbed by the set point change or not and 
enables it to operate with different parameters during 
the set point change response and the load 
disturbance response. Thomas Kraus [14] 
investigated the sensitivity of PID control algorithm 
to set-point and load changes. 

In the present investigation, attempts have been 
made to design and develop microcontroller based 
temperature monitoring and closed loop control 
system to study the reaction of controlled variable to 
load changes where Proportional (P) control 
algorithm has been implemented to control the firing 
angle of TRIAC for controlling the power applied to 
the heater. In this design of temperature control 
system high precision platinum temperature sensor  
Pt 100 has been used. The RTD output has been fed 
to the signal conditioning circuit to convert the 
resistance in to a suitable voltage form which would 
be acceptable by the microcontroller. The control 

software compares this measured temperature signal 
with the set point or desired signal and generates an 
error which in turn has been used in a proportional 
control algorithm. The controller output has been 
used to trigger the TRIAC at an angle measured from 
the reference provided by the ZCD circuit. Thus the 
required voltage level across the heater in process 
tank is obtained which maintains the temperature at a 
desired value. A step change in process load is then 
introduced and the reaction of controlled variable or 
process temperature with respect to the load changes 
is plotted against time which has been analyzed to 
describe the system behavior with respect to these 
sudden load changes. 

 
 

2. Methodology and Block Diagram  
of the Overall System 

 
The Temperature control system shown in Fig. 1. 

comprises of a process tank containing 220 V, 3A,  
50 Hz Heater, RTD Temperature Sensor, Signal 
Conditioning Circuit, ADC circuit, microcontroller 
along with 8255 programmable peripheral interface, 
Zero crossing detector for zero reference and TRIAC 
Opto-isolator which provides output pulse depending 
on the temperature of the process tank. The heating 
chamber or the process tank used in this design 
houses a resistive heater, a holder which can hold 
both the RTD or the temperature sensor and the 
Liquid-in-glass thermometer, which is used to read 
the temperature attained.  

 
 

 
 

Fig. 1. Block Diagram of Temperature Control System. 
 
 
The traditional way is to use the temperature 

sensing effect of the RTD to collect the temperature 
of the process tank as voltage or current, which 
changes with the change in the measured temperature 
with the help of the signal conditioning circuit [12]. 
After A/D conversion of this voltage, the data will be 
sent to the microcontroller which finds the error 
signal by comparing the instantaneous value of the 
temperature with the desired temperature. Depending 
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on the magnitude of the error signal the 
microcontroller calculates the required firing angle 
and sends the firing pulses to the TRIAC control unit 
through the TRIAC Opto-isolator. These firing pulses 
triggers the TRIAC which control the voltage applied 
to the heater. Then the error signal is updated and the 
cycle is thus repeated.  

 
 

3. Detailed Circuit Diagram 
 

The detailed hardware circuit of the Temperature 
Control System described above consists of 
Temperature Measurement circuit using RTD as 
temperature sensor, analog signal conditioning 
circuit, Analog-to-Digital converter (ADC), Zero 
Crossing Detector, Optically coupled TRIAC driver 
and interfacing of AT89C51 microcontroller with the 
hardware circuitry. 
 
3.1. Sensor Signal Conditioning Circuit 
 

Signal conditioning refers to the operations which 
are performed on signals to convert them to a form 
suitable for interfacing with other elements in the 
process control loop. In this experiment of 
temperature control, Platinum Resistance 
Temperature Detector Pt100 has been used as a 
temperature sensor. In view of very small fractional 

changes of resistance with temperature (0.4 %), the 
RTD is generally used in a bridge circuit shown in 
Fig. 3. The Bridge circuit is used to convert 
impedance variations of RTD into voltage variations. 
The voltage signal obtained as bridge output is given 
as input to the Signal Conditioning circuit because, 
the input to the microcontroller unit, to which the 
sensor output is connected requires a voltage to vary 
from 0 to 5 V for the variation of the process 
variable. A logical way to approach the signal 
conditioning circuit used here, consisting of 
Differential Instrumentation amplifier, summing 
amplifier or Adder and an Inverter to get the desired 
output.  

 
 

3.2. Zero Crossing Detector (ZCD) Circuit 
 
A typical a.c. signal is a sine wave goes up and down 
the zero level. Detection of the zero cross point is 
necessary for the microcontroller to synchronize the 
running of its software program to the mains 
waveform [10]. The ZCD circuit (as shown in Fig. 4) 
gives a pulse output when the signal crosses the zero 
level and generates a square wave of specific 
amplitude and width. This will be required by the 
microcontroller to generate the Triggering pulse with 
some delay from the zero crossing of the a.c. signal. 

 

 
 

 
 

Fig.3. Sensor Signal Conditioning Circuit. 
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Fig. 4. Basic 50/60 Hz Zero Crossing Detector. 
 
 

3.3. Optically Isolated TRIAC Driver Circuit 
for AC Power Control 

 
The Optically Coupled TRIAC Driver Circuit 

shown in Fig. 5, is designed to achieve phase control 
of a.c. power in which the amount of power supplied 
over each cycle is varied. 
 
 

 
 

Fig. 5. Optically coupled TRIAC Driver Circuit. 
 
 

The TRIAC is allowed to conduct for a certain 
period by triggering at an angle α. The angle at which 
the TRIAC must be triggered is modified by the 
AT89C51 microcontroller depending on the error 
between the desired and attained temperature. When 
the delay of firing angle of TRIAC is varied the 
output voltage on the load side can be varied from its 

maximum value to nearly zero as the firing delay 
angle is varied from 0º to nearly 180º. 

 
 

3.4. Interfacing of TRIAC Triggering Using 
Microcontroller with Driver Circuit 

 

The temperature attained is sensed by the RTD 
and a required voltage equivalent to the temperature 
attained is fed back to the microcontroller via the 
signal conditioning circuit. The 8051 Microcontroller 
calculates the error and produces the delayed pulse if 
it finds that the RTD output differs from the  
desired one. 
The ZCD pulse is fed as input to the microcontroller 
via the Optical isolation circuit using MCT-2E. After 
synchronizing with the AC pulse, a delayed pulse 
from zero reference, depending on the voltage 
required across the heater is introduced to the firing 
circuit of TRIAC containing MCT-2E and NPN 
transistor. The microcontroller thus triggers the 
TRIAC for required voltage level and thus the 
desired temperature is obtained in the process tank.  
 
 

4. Experimental Results and Discussion 
 

4.1. RTD Calibration with respect to Liquid-
in- Glass Thermometer containing 
Mercury (Temperature Vs RTD 
resistance variation) 

 

In the present experiment the temperature of the 
process tank has been sensed by RTD taken as  
Pt 100. Variation of the resistance of RTD with 
temperature is shown in Fig. 7, which covers a large 
span of temperature, from about 37 ºC to 97.5 ºC.  

 
 

 
 

Fig. 6. Interfacing of AT89C51 Microcontroller and TRIAC Driver Circuit. 
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Fig.7. Variation of RTD resistance with Temperature 
 
 

The percentage error from linealrity has been 
shown in Fig. 8. It is observed that the error lies 
between -1.35 % to +0.92 %. 
 
 

 
 

Fig. 8. Percentage Error Curve. 
 
 

4.2. Variation of Temperature with Output 
Voltage after Signal Conditioning 

 
The input to the microcontroller should vary 

within 0 to 5 Volts, which is obtained by the signal 
conditioning circuit in Fig. 3. The variation of the 
output voltage after signal conditioning with respect 
to the change in temperature is shown in Fig. 9. 

The percentage error from linearity is shown in 
Fig. 10. It is observed that the error in percentage lies 
between -16.122 % to +9.68 %. 
 
 

 
 

Fig. 9. Variation of the output voltage after Signal 
Conditioning with the change in Temperature of the Liquid 

in the Process Tank. 

 
 

Fig. 10. Percentage Error Curve. 
 
 

4.3. Closed Loop Temperature Control 
 

The Proportional Control algorithm has been 
implemented in the microcontroller. Variation of 
temperature in the closed loop with respect to 
different set-point values is shown in Fig. 10. 
 
 

 
 

Fig. 10. Set-point Temperature vs. Process Temperature 
Attained Curve. 

 
 

It is observed from the above figure that the 
variation of process temperature attained with 
variation of set point temperature is almost linear. 

The error percentage is calculated from the 
measured value and true value of process temperature 
attained. From the percentage error curve in Fig. 11 it 
is observed that the error lies within ± 3 %.  
 
 

 
 

Fig. 11. Percentage Error Curve. 
 
 

4.4. Control-Loop Characteristics 
 
Process control operations are essentially a time 

variation problem. The process control system is 
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designed to provide regulation so that in spite of the 
occurrence of the disturbances, the controlled 
variable will reach the set-point value quickly. 

 
 

4.4.1. Reaction of Controlled Variable  
with respect to Set-point Changes 

 
In the present experimentation the initial value of 

the process temperature was fixed at 44 ºC. A step 
change in set point from 44 ºC to 64 ºC has been 
given into the system. Variation of Temperature with 
time was observed with a Proportional Control 
Algorithm which has been implemented through the 
programming of the microcontroller. The 
microcontroller sends the firing pulse to the Gate of 
the TRIAC at an appropriate firing angle so that the 
heater voltage is varied and hence the process 
temperature is varied as shown in Fig. 12.  
 
 

 
 

Fig. 12. Reaction of Closed Loop Control System  
to a Set- Point change. 

 
 

It is observed that the temperature increased 
linearly with time. Though the set value of 
temperature is 64 ºC, it is observed that the 
temperature is increased up to 66 ºC giving an offset 
of 2 ºC which can be eliminated by the composite 
control of Proportional and Integral mode (PI). The 
temperature has reached at 66 ºC without any further 
rise in temperature as shown in Fig. 12. It is observed 
that in the present investigation of closed loop 
temperature control system the plot obtained in  
Fig. 12, is a critically damped response for a change 
in set point with an initial off-set error of 2 ºC. 
 
 
4.4.2. Reaction of Controlled Variable  

to Load Changes 
 

It has been observed that with the set-point 
temperature of 64 ºC, the process temperature 
becomes steady at 66 ºC with an offset error of 2 ºC. 
Now at this situation, a step change in process load 
has been given in the system by adding certain 
amount of cold water so that the temperature 
decreases to 63 ºC. The temperature Vs time data 

with respect to the load change is shown in Table 2. 
It is observed that the controller tries to bring back 
the temperature again to the set-point. Thus, after 
certain time interval it has been observed that the 
temperature has again reached at 66 ºC with an offset 
error of 2ºC and has become stable there without any 
further rise in temperature. 

 
 

Table 2. Controlled variable (Temperature) variation  
with time for Load Change. 

 
Set-

Point 
Tempe
rature 

(ºC) 

Time 
(seconds)

Tempera-
ture 

Attained 
(ºC) 

Remarks 

177 45 
Initial Temperature 
of Process Variable 

244 49  
346 55  
410 59  
478 63  

500 64 
Desired or Set-point 
Temperature 

584 66 
674 66 

764 66 

Controlled variable 
(Temperature) 
reached at Set-point 
with an Offset error 
of 2 ºC 

834 63 

Temperature 
decreased due to 
change in Process 
Load 

904 64  

980 65  
1124 66 
1214 66 

64 

1304 66 

Controlled variable 
again reaches at Set-
point with an Offset 
error  
of 2 ºC 

 
 
The same initial offset error of 2 ºC has reached 
again. Reaction to the above load change is shown in 
the Fig. 13.  
 
 

 
 

Fig. 13. Reaction of Closed Loop Control System  
to a Load Change. 
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5. Conclusions 
 

A technique for temperature control using an 
RTD as temperature sensor is described. The 
effectiveness of the design method has been well 
verified. The temperature control system has the 
advantages of friendly human-computer interface, 
simple hardware, low cost, high temperature control 
precision, convenience and versatility, etc.  

The variation of the RTD resistance with the rise 
in temperature of the Process tank is also almost 
linear. The RTD signal conditioning circuit 
containing RTD in one of the arms of the Wheatstone 
bridge is effectively designed by using OPAMPs and 
resistors. The bridge output is fed to the Signal 
Conditioning Circuit, which consists of 
Instrumentation Amplifier, Summing Amplifier and 
an Inverter to get the output with a correct sign. 

Since, an offset error is obtained with 
Proportional -control, Proportional-Integral control 
algorithm can be implemented to eliminate this 
offset. This part provides the scope of work for the 
future. Detailed comparative analysis of the control 
algorithm adopted based on their accuracy, 
repeatability and cost may constitute the future scope 
of work. The performance of the system can also be 
improved by choosing microcontroller chip, which 
performs better than 8051 chip. 
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Abstract: Ac signals are accurately measured by using Thermal Converters (TCs). In this paper, ac voltages are 
automatically calibrated as an example by the Thermal Voltage Converter (TVC) with changing the sequence of 
the applied signals. 1 V, 10 V, and 100 V at different frequencies from 50 Hz to 100 kHz are measured. The 
three different sequences are sequence #1 which is (+dc, ac, -dc), sequence #2 which is (ac, +dc, -dc, ac), and 
sequence #3 which is (ac, +dc, ac, -dc, ac). The effect of changing the applied sequence is studied to have the 
more precise and accurate performance. In order to achieve switching between ac and dc at regular and precise 
intervals and the comparison is made sequentially, a LabVIEW program is especially built for this study. The 
uncertainty budgets for the different ac voltages are also evaluated. Copyright © 2013 IFSA. 
 
Keywords: ac metrology, Thermal-element, Thermal voltage converter, Range resistors, Temperature 
coefficient, Uncertainty. 
 

 
 
1. Introduction 
 

TCs are the most accurate true root-mean-square 
(rms) measuring devices available. They are 
employed as ac-dc transfer standards in National 
Metrology Institutes (NMIs) [1]. In primary 
laboratories, the use of TCs has been preferred to 
other methods for the accurate measurement of ac 
signal because they are static, easily transportable, 
and less difficult to handle [2].  

These consist mainly of a resistor operating as a 
heater thermal-element (TE) to which a voltage or a 
current signal is applied. In close contact with the 
heater, but galvanically insulated from it, a 
temperature sensor measures the temperature rise 
above ambient and thus the energy content of the 
signal [1]. These temperature sensors, thermocouples 

are used to monitor the temperature along the heater 
structure while applying a timed sequence of an ac 
signal and both polarities of a dc signal. By 
comparing the output of the TE with ac applied to the 
average output of the TE when both polarities of dc 
are applied, the unknown ac quantity may be 
determined in terms of the known dc quantity [3]. 
This ac-dc difference  is calculated from [4, 5].  

Accurate and consistent measurements can be 
made under these circumstances, if readings are taken 
at time intervals that are about equal and in a 
sequence which tends to average out the effect of 
drift. For example, some NMIs are making their 
measurements according to the sequence (+dc, ac, -
dc), and other NMI are applying the ac and the 
polarities of the dc signals according to the sequence 
(ac, +dc, -dc, ac), furthermore others according to the 
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sequence (ac, +dc, ac, -dc, ac). The effect of 
changing the applied sequence on the precision and 
accuracy of the ac signal measurement is practically 
studied in this work through a practical comparison is 
done between them.  

It is advantageous to avoid as much as possible 
any variation of the thermal conditions [6] and 
switching between ac and dc with the shortest 
possible interruption of the input voltage is a 
prerequisite to achieve constant heating conditions in 
the TCs. Short means here that the switching time 
must be small compared to the thermal time constant 
of the TCs [6]. The short switching time can be 
achieved by automatically calibrating these TCs 
rather than manually. Thus, a LabVIEW program is 
especially designed to achieve this purpose. 
 
 
2. Automatic Measurement System Set-Up  
 

To study the effect of changing the applied 
sequences on the ac voltages measurement as an 
example, a comparison is done between the three 
different applied sequences using TVC. They are 
sequence #1 which is (+dc, ac, -dc), sequence #2 
which is (ac, +dc, -dc, ac), and sequence #3 which is 
(ac, +dc, ac, -dc, ac). 1 V, 10 V, and 100 V ac 
voltages at different frequencies from 50 Hz to 100 
kHz are accurately calibrated according to the three 
different sequences. The TVC ratings are 1 V, 90 . 
For voltages above 1 V, range resistors are used. 
They are connected coaxially with the TVC. The 
measurement system as shown in Fig. 1 contains a 
calibration system, Fluke model 5720A which is the 
source of the ac voltage and the stable and reference 
dc, TVC connected in series with the range resistor 
for the 10 V and 100V ranges to calibrate the ac 
voltage, DMM, Fluke model 8508A; 8.5 digits; 
which measures the e.m.f from the TVC output, and a 
computer programmed with the suitable software 
(LabVIEW). The calibration system and the DMM 
are connected to the computer through GPIB cables. 

 
 

 
 

Fig. 1. Measurement System set-up. 
 

This calibration of the ac voltages is done 
automatically by using a LabVIEW program. This 
software controls the measurements of the ac 
voltages through GPIB card and GPIB cables. In this 
way switching between ac and dc takes place at 
constant intervals. Fig. 2 shows the Front panel of the 
LabVIEW program. It consists of controls and 
indicators. Each icon controls the system 
performance. Such as, the "Warming-Up Time" 
controls the time of the "Warming-Up Voltage" and 
the "Delay" controls the time waiting before 
recording the values from the DMM after the TVC 
reaches to its steady-state. The icons of "Rating 
Voltage" and "Frequencies" identify the values of the 
voltage and the frequency required for the 
measurement. The calibration of each ac voltage at 
the different frequencies according to the three 
applied sequences is done sequentially as shown in 
Fig. 2. This is done in the same environmental 
conditions.  
 
 

 
 

Fig. 2. Front panel of the designed LabVIEW program. 
 
 
3. Measurement Results and Uncertainty 

Evaluation 
 

The results of the ac voltages obtained by 
applying the three different sequencies on the TVC 
input are compared to the actual values of the ac 
voltages. Table 1 shows the measured values of the 
ac voltages for the ranges 1 V, 10 V, 100 V at 
frequencies 50 Hz, 100 Hz, 1 kHz, 10 kHz and  
100 kHz. It is found from the table that the 
measurement results of the 1 V at the different 
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frequencies obtained by sequence #1, sequence #2, 
and sequence #3 are very close to the actual values. 
For the calibration of the higher voltages such as  
10 V and 100 V, It's shown that the results obtained 
from sequence #2 and sequence #3 are very closed to 
the actual values but sequence #1 is far from them. 
Each result in Table 1 is calculated from [4, 5]. 

The uncertainty for the ac voltages measurements, 
1 V, 10 V, and 100 V at the frequencies from 50 Hz 
to 100 kHz is evaluated with 95 % confidence level 
using a (coverage factor k=2) according to the ISO 
GUM [7]. All components of the combined standard 
uncertainty (Type A, and Type B) are taken into 
consideration. Table 2 illustrates the uncertainty 
budget for the 10 V at 50 Hz by applying sequence 
#3 as an example. 

Table 3 shows Type A, Type B and expanded 
uncertainties associated with the measurement of the 
1 V at frequencies 50 Hz, 100 Hz, 1 kHz, 10 kHz, 
and 100 kHz by applying the three different 
sequences. It's shown from Table 3 that the Type A 

and the expanded uncertainty of the measurand 1 V at 
the different frequencies by sequence #1 is slightly 
high than sequence #2 and sequence #3.  

Table 4 shows Type A, Type B and expanded 
uncertainties associated with the measurement of the 
10 V at frequencies 50 Hz, 100 Hz, 1 kHz, 10 kHz, 
and 100 kHz by applying the three different 
sequences. 

Table 5 shows Type A, Type B and expanded 
uncertainties associated with the measurement of the 
100 V at frequencies 50 Hz, 100 Hz, 1 kHz, 10 kHz, 
and 100 kHz by applying the three different 
sequences. It can be noticed from Table 4 and  
Table 5 that the Type A and the expanded uncertainty 
of the measurands 10 V and 100 V at the different 
frequencies by applying sequence #1 is much higher 
than sequence #2 and sequence #3. This indicates that 
sequence #2 and sequence #3 is more precise than 
sequence #1 in the higher ranges of the ac voltages 
measurement. 

 
 

Table 1. 1 V, 10 V and 100 V results at different frequencies. 
 

Measured Values, V Applied 
Voltage 

Freq. (Hz) 
Sequence#1 Sequence#2 Sequence#3 Actual Value 

50  0.9999885 0.9999826  0.9999820 0.999981 

100 0.9999745 0.9999855 0.9999866 0.999981 

1000 1.0000036  0.9999804 0.9999866 0.999984 

10000 0.9999771 0.9999844 0.9999805 0.999981 

1 V 

100000 0.9999954 1.0000160 1.0000060 0.999988 

50  10.001281 9.9999441 9.9999441 10.00002 

100 10.002297 0.9999441 9.9999441 10.00002 

1000 10.000688 10.000088 10.000062 10.00003 

10000 10.001239 9.9999591 9.9999591 9.99999 

10 V 

100000 10.001570 9.9998101 9.9998701 9.99980 

50  100.01795 100.00008 99.999111 99.9987 

100 100.01483 99.998899 99.998773 99.9987 

1000 99.985441 99.998302 99.998793 99.9985 

10000 100.01774 99.995246 99.995107 99.9981 

100 V 

100000 100.02469 100.00218 100.00220 99.9926 

 
 

Table 2. Uncertainty budget for 10 V at 50 Hz by sequence #3. 
 

Uncertainty 
Sources 

Standard 
Uncertainty 

Probability 
distribution 

Divider Ci 
Uncertainty 
contribution, 

ppm 
Type A 0.31 ppm Normal 1 1 0.3 
DVM accuracy 3.3 ppm Normal 2 1 1.7 
TVC Calibration 15 ppm Normal 2 1 7.5 
DC Voltage Calibration 0.42 ppm Normal 2 1 0.2 

Thermal e.m.f 7.45 ppm Rectangular 3  1 4.3 

Resolution 0.07 ppm Rectangular 3  1 0.04 

Combined standard uncertainty: ±8.8 ppm 
Effective degrees of freedom:  

Expanded Uncertainty at confidence level 95%, (k = 2): ±18 ppm 
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Table 3. Type A, Type B and Exp. Uncertainties of 1 V. 
 

Nominal Frequency Applied 
Sequences 

Relative Uncertainties, 
ppm 50 Hz 100 Hz 1 kHz 10 kHz 100 kHz 

Type A 2.6 4 7 11.2 12.4 
Type B 5.34 5.34 5.1 5.1 5.9 Sequence #1 

Exp. Uncertainty (k=2) 12 16 17 25 28 
Type A 1.14 1.7 2.6 8.1 9.3 
Type B 5.34 5.34 5.1 5.1 5.9 Sequence #2 

Exp. Uncertainty (k=2) 11 11 12 19 22 
Type A 1.24 1.02 1.3 7.5 7.2 
Type B 5.34 5.34 5.1 5.1 5.9 Sequence #3 

Exp. Uncertainty (k=2) 11 11 11 18 19 
 
 

Table 4. Type A, Type B and Exp. Uncertainties of 10 V. 
 

Nominal Frequency Applied 
Sequences 

Relative Uncertainties, 
ppm 50 Hz 100 Hz 1 kHz 10 kHz 100 kHz 

Type A 11 17.2 13.3 8 13.3 
Type B 8.8 8.8 8.8 8.8 8.8 Sequence #1 

Exp. Uncertainty (k=2) 28 39 32 24 32 
Type A 0.8 0.6 1.6 2 6.5 
Type B 8.8 8.8 8.8 8.8 8.8 Sequence #2 

Exp. Uncertainty (k=2) 18 18 18 18 22 
Type A 0.3 0.33 2.2 2.3 7 
Type B 8.8 8.8 8.8 8.8 8.8 Sequence #3 

Exp. Uncertainty (k=2) 18 18 18 18 23  

 
 

Table 5. Type A, Type B and Exp. Uncertainties of 100 V. 
 

Nominal Frequency Applied 
Sequences 

Relative Uncertainties, 
ppm 50 Hz 100 Hz 1 kHz 10 kHz 100 kHz 

Type A 3.54 11.2 6.23 9.7 13.8 
Type B 11 11 11 11 11 Sequence #1 

Exp. Uncertainty (k=2) 23 32 26 30 36 
Type A 1 1.13 1.9 3.7 7.8 
Type B 11 11 11 11 11 Sequence #2 

Exp. Uncertainty (k=2) 22 22 22 23 23 
Type A 1 0.93 0.84 2.8 3 
Type B 11 11 11 11 11 Sequence #3 

Exp. Uncertainty (k=2) 22 22 22 23 23 

 
 

Fig. 3, Fig. 4, and Fig. 5 show the visual charts of 
the measured values, 1 V, 10 V, and 100 V at the 
different frequencies and their uncertainties for the 
different applying sequences. These visual charts 
present a quick comparison on the effect of changing 
the different applied sequences on the accuracy and 
the uncertainty of the ac voltage measurements. Each 
visual chart at each frequency is represented with the 
three error bars. The midpoint in each bar represents 
the value of the measurand. The lower limit and the 
upper limit represent the uncertainty limits. The 
shortness of the error bar denotes the lower 
uncertainty. 

It is found from Fig. 3 that the measured values, 
obtained by applying the three different sequences 

are very near to each other and also, their expanded 
uncertainties. This means that the applied sequences 
have not a great effect on the low ac voltages 
measurement. In Fig. 4 and Fig. 5, they are illustrated 
that the results and the expanded uncertainties which 
are obtained by applying sequence #2 and sequence 
#3 are close to each other, but sequence #1 is greatly 
different from them. This reflects that the applied 
sequences #2 and #3 have a great effect on the 
accuracy of the higher ranges of the ac voltages 
measurement. That is due to the thermoelectric 
effects and the temperature coefficient of the TVC 
which is connected in series with the range resistors 
which need to apply ac signal again to avoid the drift 
and take the average of them.  
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Fig. 3. Visual chart of 1 V results at different frequencies. 
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Fig. 4. Visual chart of 10 V results at different frequencies. 
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99.96

99.97

99.98

99.99

100

100.01

100.02

100.03

100.04

A
C

 V
o

lt
a
g

e
 (
V

o
lt
)       Seq#1

             1                   2                    3                     4                        5
         55 Hz           100 Hz           1 kHz             10 kHz             100 kHz

     Seq#1
       Seq#1

     Seq#1

      Seq#1

      Seq#2
      Seq#2

     Seq#2

    Seq#2

    Seq#2

     Seq#3

     Seq#3

     Seq#3

    Seq#3

     Seq#3

 
 
 

Fig. 5. Visual chart of 100 V results at different frequencies. 
 
 

4. Conclusion 
 

The effect of changing the applied sequence on 
the accuracy and the precision of the ac voltage 
calibrations by using the TCs is made. A practical 
comparison is done between the three different 
applied sequences to study the effect. It is found that 
the low ac voltage such as 1 V measured by applying 
the different three sequences is not changed greatly. 
So, they have not a great effect on the precision and 
the accuracy of the low ac voltages measurement. On 
the other hand, the measurement of the higher 
voltages as 10 V and 100 V which are obtained by 

applying sequence #2 and sequence #3 are close to 
each other, but sequence #1 is greatly different from 
them. This indicates that the applied sequences #2 
and #3 have a great effect on the accuracy and the 
precision of the higher ranges of the ac voltages 
measurement.  

Thus, this paper proves that sequence #1 is not 
recommended to be applied in the higher ranges and 
sequence #2 is enough to have accurate and precise 
ac voltage measurements without the need to apply 
ac voltage again between the both polarities of the dc 
signal as in sequence #3. This is also saving more 
time in the measurement of the ac signals by using 
the TCs. 
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Abstract: This paper introduces the processing technology of high resolution remote sensing image, the specific 
making process of tourism map and different remote sensing data in the key application of tourism planning and 
so on. Remote sensing extracts agricultural tourism planning information, improving the scientificalness and 
operability of agricultural tourism planning. Therefore remote sensing image in the application of agricultural 
tourism planning will be the inevitable trend of tourism development. Copyright © 2013 IFSA. 
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1. Introduction 
 
Coincidence with the prosperous development of 

economy and improvement of people’s living 
standards, tourism, which has gradually become an 
important industry in the national economy, has also 
rapidly developed; all governments attach importance 
to the growth in the number of tourists and tourism 
income. In this international trend, making full use of 
all kinds of technology means to research, developing 
tourism resources and making tourism planning have 
realistic and long-time significance. Hence, all scenic 
spots are quickening the steps in planning and 
development construction. Various new technologies 
and methods have been gradually applied to it. 
Modern remote sensing information technology has 
the advantages of fast, accurate, periodic, 
macroscopic and real-time in gaining geographical 
environment condition as well as changing data, 

meanwhile, data processing analysis system 
geographical information system have varieties of 
data comprehensive treatment analysis ability. Thus, 
it has been widely used. Remote sensing data in 
tourism planning has also got various applications [1-
3]. 

 
 

2. The Processing Technology of High 
Resolution Remote Sensing Image 

 

Remote sensing image has become an important 
source of data in map-making. At present, the price 
of satellite images has substantially dropped; the 
resolution of remote sensing image has been greatly 
improved, some of which has reached 1m ground 
resolution (Table 1). Obviously, remote sensing 
image used in dynamic, changeable, rich-information 
tourism map-making should be possible in regard to 
the characteristics of tourism map [4]. 
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Table 1. Common ground resolution contrast of remote sensing image. 
 

Remote Sensing image TM SPOT5 
KONOS 

(panchromatic) 
QU ICK Bird 

(panchromatic) 
Ground resolution (m) 30 2.5 1 0.61 

 
 
2.1. Geometric Correction  
 

The purpose of geometric correction is mainly to 
correct the geometric distortion resulting form 
nonlinear the system itself has or different shooting 
angles or other reasons. In the processing of image 
forming in the geometric correction processing, it 
gives image coordinates and projection information 
at the same time [5]. 
 
 
2.2. Image Fusion  
 

Uses PCI, ENVI and other professional remote 
sensing image processing software for image fusion 
and chooses suitable sampling methods for re-
sampling. In the processing of image fusion, the 
selection of resampling methods is a very important 
aspect. Commonly used resampling methods are the 
adjacent element method, bilinear interpolation and 
three interpolations. Hardware conditions permitting, 
it’s best to choose bilinear interpolation effect. 
 
 
2.3. Image Color and Tone 
 

The image after the complete of image color and 
hue control fusion will normally appear the 
phenomenon of partial color, color reunion cluster, 
big contrast or else. To improve images general 
visual effect, we need to make adjustment to it. In 
order to achieve the purposes of correcting color 
partial, weakening chromophore and reducing 
contrast, it often uses Adobe Photoshop software 
through the levels, curve adjustment, color balance 
adjustment, brightness/contrast adjustment, 
hue/saturation adjustment and other means of it [6]. 
 
 
3. Utilizing Remote Sensing Image to 

Gain Agricultural Tourism Planning 
Information, Develop Tourism 
Information System and Making 
Tourism Map 

 
3.1. The Quantity and Quality of 

Agricultural Tourism Resources 
 

The quantity of agricultural tourism resources 
with quality grade in equality is various. 
Conventional methods used in checking, it is not only 
time-consuming, and laborious; but also it has many 
omissions, Adopting high resolution remote sensing 

image can have a plain sight of resource condition in 
agricultural tourism area. To the check of mountain, 
water, plants and other natural agricultural tourism 
resources, it often adopts visible light near infrared 
image .The image standard false color composited, 
all the features will display with special tonal, such as 
plants displays depth range leaden and so on. To 
Pavilion, balcony, building and other fully human 
landscape, besides using red light near infrared 
image, it can directly use par for interpretation. 
According to the images of each spot shape, scope, 
texture, etc, it can check out the quantity and quality 
of agricultural tourism resources. [7] 

 
 

3.2. Agricultural Tourism Area in 
Geographical Location and Environment  

 
Agricultural tourism area is an open natural 

synthesis. To know its outside geographical 
environment and the location it lies in 
macroscopically, we can use map and another 
approach is to use remote sensing image. According 
to the splashes of color, shape, size, shadow and 
combination pattern, etc between feature images, we 
can deduce the logic relations between features and 
information that indirectly reflect from the image. 
For instance, from the linear distribution, we can 
deduce fault existence; from the vegetation clustering 
distribution, we can deduce the soil, below, 
geological condition, further deducing the cause of 
the phenomenon. Remote sensing image can 
specifically reflect the surrounding environment of 
agricultural tourist area. And according to note, and 
numbers of the image, we can know the geographical 
natural terrain, further, combining relevant text data 
and map to know the soil, plant, heat, water, earth 
crust and geological condition of the area. Obviously, 
the use of remote sensing image can be more 
comprehensive that the map to reflect the agricultural 
tourism area in the geographical position and 
environment [8]. 

 
 

3.3. Making Agricultural Tourism Map  
 

The agricultural tourism map is a thematic map 
which combines nature and humanistic landscape; it 
centrally reflects the information of natural landscape 
and humanistic landscape, providing great 
convenience for people’s travelling and agricultural 
tourism operators. Based on the processing 
technology of remote sensing image, the author cites 
an example of TM image and spot agricultural 
tourism map. (Fig. 1). 



Sensors & Transducers, Vol. 153, Issue 6, June 2013, pp. 161-165 

 163

 
TM images SPOT image 

Image preprocessing (Including image 

enhancement, geometric correction, the 

linear stretching, etc ) 

Image preprocessing (Including image 

enhancement, geometric correction, the 

linear stretching, etc ) 

Space registration Space registration 

Select the control points Select the control points 

                                                      Agricultural   tourism   map 

C
olor synthesis 

Inform
ation extraction 

Inform
ation extraction 

  Inform
ation    extraction 

A
gricultural tourism

 sketch m
ap 

 
 

Fig. 1. Agricultural tourism map production process. 

 
 
4. Questions and Discussions 
 

4.1. Advantages 
 

Rich information. The agricultural tourism 
scenic spot nowadays, generally speaking, has richer 
information, tourists’ demands for the agricultural 
tourism information are more and more, what’s more, 
their requests are also higher and higher. Making use 
of information collection technology of the 
traditional agricultural tourism, it’s time-consuming 
and the information is comprehensive. While the 
sensing aviation and satellite image has the obvious 
space advantages, such as wide horizon, strong 
intuitive, rich information and so on. On the image 
can a large surface area be seen, and a large amount 
of agricultural tourism resources information is 
extracted from it.  

The way to combine remote sensing data and 
translation plays a more and more important role in 
the process of the survey of agricultural tourism 
resources in the large area. 

High accuracy. Compared with the traditional 
field survey technology, the remote sensing 
technology has a higher scientificalness and 
accuracy. Taking advantage of the remote sensing 
technology to conduct the survey of agricultural 
tourism resource is not only faster, but the accuracy 
is higher. Saving the man power, material, resources, 
financial resources and time [9].  

Being convenient to make elegantly dynamic 
tourist map and agricultural tourism planning 
map. Agricultural tourism map is the commodity of 
development potential. The agricultural tourism 
tourist map regarded as the base map is the popular 
new products among the tourists in the market of 
agricultural tourism tourist map, and the map 
representation is new and beautiful, having the strong 
practicality and extension. 
 
 
4.2. Shortcomings 
 

Agricultural tourism planning today is mostly the 
overall plan, which is designed in detail and 
substantial, Detailed plans that have concrete, 
definite and clear map are fewer, the first id that the 
demand of agricultural tourism scenic spot for the 
detailed plan is less; the second is that the detailed 
agricultural tourism planning is difficult and 
expensive, while the demand of overall planning for 
data is less strict than the demand of detailed plan. 
The talent team of agricultural tourism planning 
today is still in the hybrid stage, some of the talents 
of agricultural tourism detailed plan shift from other 
professions, their computer level is limited and they 
have some difficulties learning remote sensing  
image [10]. 
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5. Conclusions 
 

In the process of the survey of traditional 
agricultural tourism resources, on-the-spot 
investigation is the main means to get the information 
of agricultural tourism resources. However, with the 
development of modern information technology and 
people’s demand for high technology, this kind of 
means can far not satisfy the requirement for the 
agricultural tourism planning today, only when the 
technology constantly updated is and the planning 
technique is constantly innovated can the agricultural 
tourism planning produce the competitive. Produce 
and serve the people. Although remote sensing image 
itself has a certain shortcomings, with the 
development of society it will be extensively applied 
in the agricultural tourism planning.  

Tourism scenic area is an open complex nature. 
The structure and function is closely linked with its 
geographical environment and geographic location. 
So you can't just consider tourist area itself. And 
should be considered from macroscopic. However to 
macroscopic understanding of the outside of the 
geographic environment and of the location, a map 
can be used. Map can reflect the tourist area and the 
surrounding terrain. But the map after the 
cartographic generalization, there may be many tiny, 
is very useful information cannot be reflected. 
Another method is to use remote sensing image. 
Remote sensing image without cartographic 
generalization, in its resolution permitting, reflects 
almost all greater than or equal to the size of its 
ground resolution features. And according to the 
feature image between the tonal, shape, size, shadow, 
combination can deduce the logical relationship 
between ground objects such as design, Such as 
distribution of linear springs to infer the existence of 
fault, By clustering distribution of the vegetation 
infer its lower soil, geology, then infer the causes of 
this phenomenon. I used to take part in a tomb, the 
tourism planning, Tomb of the pyramid-shaped 
mound and the surrounding hilly landform is very 
consistent, But due to soil horses were brought in 
from elsewhere, Significantly different soil 
conditions and the surrounding area, So that the 
growth of vegetation also has the very big difference, 
Which can determine the distribution of the ancient 
tombs, as well as the size of each tomb.  

Also remote sensing technology adopted by 
ultraviolet (uv) other than the visible light, infrared, 
microwave band. So the image can reflect the surface 
above the eye visible features. It can also be reflected 
in many of the features of the human eye is not 
visible. Such as thermal infrared remote sensing can 
detect the distribution and intensity of heat source 
object scope, Microwave remote sensing can 
penetrate rain forests, soil, snow cover, 
geomorphology, detect the surface covering the 
following orebody, karst caves and underground 
rivers and lakes, etc. Determination of tourist area of 
the macro environment on the remote sensing image 
spatial resolution requirement is extremely low. 

General LANDSAT MSS images of ground 
resolution of 79  79 m can reflect the tourist area of 
the surrounding environment in detail, 
Meteorological satellite ground resolution of 1.1 km 
can more macroscopic study of its environment. Get 
tourist area and the surrounding of remote sensing 
image later can according to the notes on the images 
and Numbers, understand the tourist area's 
geographical natural areas, thus according to the 
relevant written materials, maps and other data to 
understand the region's soil, vegetation, heat, water 
and the earth's crust and geological conditions. So 
remote sensing image can reflect more fully than map 
tourist area's geographical location and geographical 
environment. With the development of the tourism 
industry all the scenic spots in speed up the pace of 
development and construction planning.  

All kinds of new technology and new method are 
gradually applied to them. Remote sensing is the kind 
of technology that can judge determination and 
analysis of target properties far away from the target 
without direct contact then. Remote sensing 
technology with its large range of observation, access 
to large amount of information, quick speed, good 
real-time, strong dynamic, etc, especially the 
improvement of spatial resolution remote sensing 
data and now widely used.  

Remote sensing data have also been various 
applications in tourism planning.  

China is an agricultural country in the world 
today. How to improve the economic value of 
agriculture, promote agricultural modernization pace, 
is one of the problems to be solved for a long time. 
Agricultural tourism is a really feasible way to solve 
this problem. Remote sensing technology has a great 
significance in promoting the development of 
agriculture tourism. Let’s take it for an example. On 
December 1, 2012, Remote Sensing Satellite, No. 4 
successfully launched in China. One of its main 
functions is to collect data and monitor crops. 
Satellite remote sensing of telemetry technology in 
monitoring and forecasting accuracy has reached 
more than 90 %. It provides a shortcut for 
agricultural tourism planning in terms of data access. 
In recent years, remote sensing technology has been 
successfully applied to agriculture tourism, especially 
in agricultural tourism planning and scientific and 
efficient management, accelerating China's 
agricultural industrialization and modernization.  

 
 

References 
 
[1]. Otukei J. R., Blaschke T., Land cover change 

assessment using decision trees, support vector 
machines and maximum likelihood classification 
algorithms, International Journal of Applied Earth 
Observation and Geoinformation, 2012, 12,  
pp. 227-231. 

[2]. Sun Hao, Du Peijun, Zhao Weichang, Target 
identification from high resolution remote sensing 
image based on multiple classifier combination. 



Sensors & Transducers, Vol. 153, Issue 6, June 2013, pp. 161-165 

 165

Geography and Geo-lnformation Science, 25, 1, 
2012, pp. 32-35 (Ch). 

[3]. Xu L., Krzyzak A., Suen C. Y., Methods of 
combining multiple classifiers and their applications 
to handwriting recognition, IEEE Transaction on 
Systems, Man, and Cybernetics, 22, 3, 2012,  
pp. 418-435. 

[4]. Jens K., Simone N., Matthias H., et al., Automatic 
land cover analysis for Tenerife by supervised 
classification using re- motely sensed data, Remote 
Sensing of Environment, 86, 4, 2010, pp. 530-541.  

[5]. Chia-Lin Hsu, Kuo-Chien Chang, Mu-Chen Chen, 
The impact of website quality on customer 
satisfaction and purchase intention: perceived 
playfulness and perceived flow as mediators, 
Information Systems and e-Business Management, 
Vol. 10, 2012, pp. 549-570. 

[6]. A1-Ani A., Deriche M., A new technique for 
combining multiple classifiers using the Dempster-
Shafer theory of evidence, Journal of Artificial 
Intelligence Research, 17, 1, 2012, pp. 333-361. 

[7]. Esteban Ruiz-Ballesteros, Miguel A. Gual, 
Recreational displacement and overall satisfaction: 
A study of central Iowa licensed boaters, Human 
Ecology, Vol. 40, 2012, pp. 847-862. 

[8]. Foody G. M., Boyd D. S., Sanchez-Hernandez C., 
Mapping a specific class with an ensemble of 
classifiers, International Journal of Remote Sensing, 
28, 8, 2010, pp. 1733-1746. 

[9]. Nan Feng, Xue Yu, A Data-driven Assessment 
Model for Information Systems Security Risk 
Management, Journal of Computers, Vol. 7, No 12, 
2012, pp. 3103-3109. 

[10]. Shifei Ding and Zhengtao Yu, Advances in 
Computers and Electronics Engineering, Journal of 
Computers, Vol. 7, Number 12, December 2012,  
pp. 2851-2853. 

[11]. M. Kiyasatfar, N. Pourmahmoud, M. M. Golzan,  
M. Eskandarzade, Effect of Magnetic Flux Density 
and Applied Current on Temperature, Velocity and 
Entropy Generation Distributions in MHD Pumps, 
Sensors & Transducers, Vol. 124, Issue 1, January 
2011, pp. 72-82. 

[12]. Hudabiyah Arshad Amari, Ruzairi Abdul Rahim, 
Mohd Hafiz Fazalul Rahiman, Herlina Abdul 
Rahim, Muhammad Jaysuman Pusppanathan, 
Hardware Developments of an Ultrasonic 
Tomography Measurement System, Sensors & 
Transducers, Vol. 124, Issue 1, January 2011,  
pp. 56-63. 

[13]. Ebtisam H. Hasan and Seif. M. Osman, Study on the 
Relative Difference of the Force Transducer 
Constants in Tensile and Compressive Modes 
Calibration Equations, Sensors & Transducers,  
Vol. 124, Issue 1, January 2011, pp. 30-36. 

[14]. Aashis S. Roy, Machappa T, M. V. N. Ambika 
Prasad and Koppalkar R., Anilkumar, Sensitivity 
and Selectivity Studies on Polyaniline / 
Molybdenum Trioxide Composites to Liquid 
Petroleum Gas, Sensors & Transducers, Vol. 125, 
Issue 2, February 2011, pp. 220-228. 

[15]. Moh'd Sami S. Ashhab, Abdulla N. Oimat and 
Nabeel Abo Shaban, Prediction of the Surface 
Oxidation Process of AlCuFe Quasicrystals by 
Using Artificial Neural Network Techniques, 
Sensors & Transducer, Vol. 128, Issue 5, May 2011, 
pp. 55-65. 

[16]. Nagamani Gosala, Raghavendra Rao Kanchi, Design 
and Development of Embedded System for the 
Measurement of Thermal Conductivity of Liquids 
by Transient Hot Wire Method, Sensors & 
Transducers, Vol. 129, Issue 6, June 2011,  
pp. 42-56. 

[17]. V. V. Malyshev, A. V. Pislyakov, Investigation of 
Gas-Sensitivity of Metal Oxide Sensors to Nitrogen 
Monoxide in a Wide Range of Temperature, 
Concentration and Humidity of the Air Gas 
Medium, Sensors & Transducers, Vol. 131, Issue 8, 
August 2011, pp. 21-35. 

[18]. Shanhong Li, Xuekun Zhuang, Fei Xu, Junxiang 
Ding, Feng Shuang, Yunjian Ge, Structure 
Improvement and Simulation Research of a Three-
dimensional Force Flexible Tactile Sensor Based on 
Conductive Rubber, Sensors & Transducers,  
Vol. 132, Issue 9, September 2011, pp. 47-56. 

[19]. Ashutosh K. Agarwal, Sanjeev Kumar, Balancing 
Inverted Pendulum by Angle Sensing Using Fuzzy 
Logic Supervised PID Controller Optimized by 
Genetic Algorithm, Sensors & Transducers,  
Vol. 133, Issue 10, October 2011, pp. 74-82. 

[20]. Sakshi Sharma, K. Sengupta, S. S. Islam, Surface 
Modification of MWCNTs: Preparation, 
Characterization and Electrical Percolation Studies 
of MWCNTs/PVP Composite Films for Realization 
of Ammonia Gas Sensor Operable at Room 
Temperature, Sensors & Transducers, Vol. 134, 
Issue 11, November 2011, pp. 143-154. 

 

 

___________________ 
 
 
 
 
 
 
 
 
 
 
 
 

2013 Copyright ©, International Frequency Sensor Association (IFSA). All rights reserved. 
(http://www.sensorsportal.com) 
 
 



Sensors & Transducers, Vol. 153, Issue 6, June 2013, pp. 166-170 

 166 

   
SSSeeennnsssooorrrsss   &&&   TTTrrraaannnsssddduuuccceeerrrsss  

© 2013 by IFSA
http://www.sensorsportal.com   

 
 
 
 
 

An Authentication Scheme for Clustered  
Wireless Sensor Networks 

 
* Li-Li HE, Xiao-Chun LOU 

Fair Friend Institute of Electromechanics, Hangzhou Vocational and Technical College, 
Hangzhou 310018, China 

* Tel.: 0571-56700122, fax: 0571-56700122 
* E-mail: 153237697@qq.com 

 
 

Received: 6 May 2013   /Accepted: 14 June 2013   /Published: 25 June 2013 
 
 
Abstract: Wireless sensor networks (WSN) has been widely applied to many fields such as disaster 
management and military operations. Clustering allows WSN more scalable and makes sensors Energy-saving. 
As the sensor nodes in WSN are all resource-limited devices and usually deployed unattended in the hazardous 
environments, security becomes more crucial. Authentication and key negotiation are the fundamental protocols 
to build a secure WSN. Public key algorithm and digital signature widely used in traditional networks are not 
very suitable for WSN. In this paper, we propose an authentication scheme for clustered WSN. The proposed 
scheme is based on LU decomposition which is less computation, storage, communication cost than the schemes 
based on public key technology. We also present security and performance analysis. Copyright © 2013 IFSA. 
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1. Introduction 
 

A wireless sensor network (WSN) consists of 
spatially distributed autonomous sensors to monitor 
physical or environmental conditions, such as 
temperature, sound, pressure, etc. and to 
cooperatively pass their data through the network to a 
main location. Wireless senor networks (WSN) can 
be used in many areas (e.g., health, military, home) 
and become one of the most promising network 
technologies [1]. Clustered WSN consists of many 
clusters. Each cluster has a cluster head (CH) and 
many member nodes (Cluster Member, CM) in its 
control. Clustering for WSN has many advantages: in 
the case of certain constraints are met, the cluster 
member nodes can close their communication 
module for a period of time, so that clustering can 
significantly reduce energy consumption. Therefore, 
it can extend the life of the sensor nodes. The data 

collected by CMs generally have some relevance, so 
CH can apply data fusion algorithm to integrate these 
data and transmit to the base station. Data fusion can 
insure the amount of information without increasing 
data traffic, therefore, reducing the energy overhead 
for data forwarding. Moreover, Clustered WSN has 
better scalability, and is suitable for large-scale 
application. 

However, there still exist many unresolved 
problems in WSN, and among them, the security is 
one of the hottest topics [2]. This kind of network 
usually operates in unattended environments in which 
there are more attacks, so the security of this network 
becomes more crucial. And sensor nodes in these 
networks are resource-limited for which the 
traditional public key technology is not very suitable 
for WSN. Authentication between nodes and key 
negotiation are the fundamental protocols to build a 
secure WSN [3]. Authentication mechanism is the 
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core security mechanisms and an important 
foundation for WSN. How to implement 
authentication with safety, high efficiency and low 
energy consumption, is always a research focus for 
the security of WSN. 

In this paper, we propose a low-overhead but 
efficient authentication scheme for clustered WSN. 
Our scheme utilizes LU decomposition adopted from 
[4] which is less computation, storage, 
communication cost, and effectively scalability of the 
network. This paper aims to improve performance, 
without losing the security of WSN. 

The rest of this paper is organized as follows. 
Section two presents the related work. Section three 
presents the proposed scheme. Section four describes 
performance analysis. Section five concludes the 
paper. 

 
 

2. Related Work 
 
Watro et al. proposed an entity authentication 

protocol TinyPK, which is based on low exponential 
RSA [5]. The TinyPK system demonstrates that a 
public-key based protocol is feasible for an extremely 
lightweight sensor network. Incorporating the use of 
TinySec or any other symmetric encryption service 
for mote networks, TinyPK provides the functionality 
needed for a mote and a third-party to mutually 
authenticate to each other and to communicate 
securely. Benenson et al. proposed a robust user 
authentication protocol for WSN [6]. The protocol is 
based on elliptic curve cryptography and utilizes 
redundancy to withstand node capture. For the use of 
public key cryptography, it scales much better than 
symmetric cryptography approaches. 

Public key algorithms based entity authentication 
protocols described above, executes RSA or ECC 
public key algorithm to encrypt and verify the 
signature by sensor nodes, and performs the 
decryption and signature to complete the certification 
process by the energy sufficient base station. 
Although the public key algorithms these protocols 
used are designed to reduce energy consumption, the 
application of public key algorithm in the protocol 
itself leads to the more energy consumption of sensor 
nodes. Moreover, these protocols also require a 
public key infrastructure, which can’t well deal with 
the attacks such as denial of service attack. The 
implementation of the authentication of these 
protocols is a single point authentication which is a 
great security risk for the WSN in which the sensor 
nodes can easily be captured. 

Bauer et al. proposed a distributed authentication 
protocol (Distributed Authentication Scheme, DAS) 
which is based on secret sharing entity authentication 
protocol [7]. The protocol makes use of the notion of 
secret split and share. The base station divides the 
secret S of the node which needs to be authenticated 
into n-1 share secret, the subsequent nodes of the 
node which receives share secret, all recover the 
received share key, if there are over 50 % recovered 

share key equal to the S, then the node gets 
authenticated. The protocol uses distributed multi-
point authentication and the process of authentication 
don’t use any high consumption encryption and 
decryption protocol. But the process of authentication 
needs the computation of all other nodes in the same 
network and the cooperative communication with 
other nodes which results in unnecessary waste of 
energy, information collision, and long delay. 

These entity based authentication protocols have 
their own advantages and disadvantages, and there all 
exist two problems: the directly involvement of base 
station and high energy consumption. Wang et al. 
proposed a new entity authentication scheme for 
WSN [8] based on Merkle hash tree [9]. The authors 
combine the thought of Merkle hash and network 
clustering algorithm. The protocol is simple-
designed, security, and can defend many kinds of 
attacks, such as capture attack, replay attack, and 
denial of service attack. Compared with other 
protocols, this protocol can shorten the authentication 
delay and extend the network lifetime. 
 
 
3. Proposed Scheme 
 

In this section, we briefly introduce LU 
decomposition used in our scheme and then show the 
detail of our scheme, including the formation of the 
authentication materials, the distribution of the 
materials, the procedure of authentication, and the 
materials update. 

 
 

3.1. LU Decomposition 
 
LU decomposition [4] is as follow: 
 

 LUA  , (1) 
 
It can decompose a square matrix A (N x N) into 

two matrices, a lower triangular matrix L and an 
upper triangular matrix U. 

 
 UAEEEE k  321 , (2) 

 
Here, E1, E2, E3,…, Ek are elementary row 

operations which include elimination, scaling, and 
interchange. And we can get L from the equation (3): 

 
 1

321 )(  kEEEEL  , (3) 

 
So, we get both U and L. 
 
 

3.2. Detail of the Proposed Scheme 
 
Here, we introduce the detail of the proposed 

scheme. 
The formation of authentication materials: For a 

cluster which has N CMs, CH needs to generate 
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(n*(n-1))/2 random positive integers (k1,k2,…,k(n*(n-

1))/2). Together with the UID of each CM (id1, id2,…, 
idn, and each CM doesn’t know the existence of 
UID), CH can generate the matrix A as follow: 

 

1 1 2 1

1 2 2 2 2 3

( 1)
2 2 2 1

2

( 1)
1 2 3

2

n n

n n

n n
n n n

n n
n n n

id k k k
k id k k

k k id k

k k k id

 

 


  


 

 
 
 
 
 
 
 
 
 





    





 

 

Here, we take a cluster of four CMs as an 
example. At first, we generate 6 random positive 
integer, 2,3,4,6,7,9; and the UID of each CM are 
1,5,8,10. So we can get the 4 x 4 matrix A as follow: 

 

1 2 3 4

2 5 6 7

3 6 8 9

4 7 9 10

A

 
 
 
 
 
 

 

 

Then CH decomposes matrix A with equation (2) 
and (3). So CH gets: 

 

1 0 0 0

2 1 0 0

3 0 1 0

4 1 3 1

L

 
 
 
 
 

 

1 2 3 4

0 1 0 1

0 0 1 3

0 0 0 2

U

 
  
  
 
 

 

 

The distribution of authentication materials: CH 
will distribute the authentication materials according 
to the order i of CMs in the Table 1, namely, the ith 
CM will get Lr(i) and Uc(i). For example, Sx ranks 
first, so Sx gets the first row in L and first column in 
U. In order to reduce the cost of storage and 
communication, we can delete all the 0 at the end of 
the Lr(i) and Uc(i). Hence, what Sx and Sy finally get 
as follows: 

 

 : (1) 1x rS L   and  (1) 1cU   

 

 : (2) 21y rS L   and  (2) 21cU   

 

So our scheme has less storage overhead which 
also leads to less communication overhead. 
Moreover, each CM also stores the Uc(i) of revoked 
CMs and authentication-failed CMs which can 
reduce the computation overhead. And after the 
materials update, these information will be emptied. 

Table 1 shows what stores in the memory of CH. 
The first column is the name of CMs. As we can 

see from Table 1, the name of the first two CMs are 
Sx and Sy. The second column is the UID of each CM. 
The third column is Lr(i) of each CM. The forth 
column is the share key for CH and each CM. The 
CH also stores the Flag of every CM which shows 

whether a CM has been revoked or not. Here,  
1 stands for not being revoked. 

 
 

Table 1. The Content Stored In CH. 
 

Name Unique ID(UID) Lr(i) SK Flag 

Sx 1 [1] Sk11 1 

Sy 5 [1 2] Sk21 1 

… … … … … 

 
 
The procedure of Authentication: When two CMs 

want to mutual authentication between each other, 
before they calculate their authentication materials, 
they can check whether the other one is legal or not 
by looking up whether the received Uc(i) has already 
been in its memory. If the Uc(i) is in store, it indicates 
that the corresponding CM is not a legal node. So 
there is no need doing mutual authentication. If both 
Uc(i) are not in the memory of the opposite sides, 
then they begin to calculate the authentication 
materials. Assume that CM with name Sx contains 
[Lr(i), Uc(i)] and with name Sy contains [Lr(j), Uc(j)]. 
The following five steps show the detail of our 
scheme between Sx and Sy. 

 
 : ( ) ( )x r c ijS L i U j A  , (4) 

 
 : ( ) ( )y r c jiS L j U i A  , (5) 

 
As A is a symmetric matrix, Aij=Aji. Aij (or Aji) can 

also be used as session key between Sx and Sy. 
The following three steps show the detail of our 

scheme for CM to CM. 
Step 1. Sx -> Sy: Sx, Sy, Uc(i) 
In this step, Sx sends [Sx, Sy, Uc(i)] to Sy. Sy checks 

whether Uc(i) has stored in its memory. If existing, it 
means that Sy isn’t a legal CM, so there is no need 
doing the following steps. Otherwise, 

 

: ( ) ( )y r c jiS L j U i A   

 

Step 2. Sx <- Sy: Sy, Sx, Uc(j) 
In this step, Sy send [Sy, Sx, Uc(j), Aji(Sy)] to Sx. 

Just like what Sy does, Sx checks whether Uc(j) has 
stored in its memory. If existing, it means that Sy isn’t 
a legal CM, so there is no need doing the following 
steps. Otherwise, 

 

: ( ) ( )x r c ijS L i U j A   

 

As A is a symmetric matrix, Aij=Aji. Aij (or Aji) 
can be used as session key between Sx and Sy. 

Step 3. Sx -> Sy: Sx, Sy, Aij(Sx) 
In this step, Sx sends [Sx, Sy, Aij(Sx)] to Sy. Sy uses 

its Aji to decrypt Aij(Sx), and if the result is equal to Sx, 
Sx gets the authentication of Sy. if not, Sx can’t get the 
authentication of Sy. 
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Step 4. Sx <- Sy: Sy, Sx, Aji(Sy) 
In this step, Sy send [Sy, Sx, Uc(j), Aji(Sy)] to Sx. Sx 

uses Aij to decrypt Aji(Sy), and if the result is equal to 
Sy, Sy gets the authentication of Sx; if not, Sy can’t get 
the authentication of Sx. 

Step 5. Sx -> Sy: Sx, Sy, Aij(Message) 
If the previous steps are all going well, then in 

this step, Sx sends a message to Sy in order to inform 
Sy the finish of the mutual authentication. If two CMs 
can’t finish these five steps, they need to report this 
information to CH, and CH will check their legality. 

Each CM has a share key ski with the CH. CH 
uses this share key to send the authentication 
materials. As we can see from the matrix A, idi is the 
result of Lr(i)*Uc(i). When a CM wants to get the 
authentication of CH, it sends the Uc(i) to CH 
encrypted with the share key. Then CH decrypts this 
message and calculates Lr(i)*Uc(i). If the result is 
equal to the UID of that CM, that CM gets 
authenticated. If not, then CH will inquire whether 
other CM has this Uc(i), if other legal CMs do not 
have this Uc(i) , CH asks other CMs to store this 
Uc(i). Then other CMs also know that CM is an 
illegal node. 

Materials update: For better security, the 
authentication materials shouldn’t always be the 
same. So CH sets an expiration time T for 
authentication materials, if T expires, CH needs to 
regenerate and reallocate authentication materials. 

After CH uses the share key to send 
authentication materials, both the CH and CM need 
to update their share key. The procedure of share 
key(between CH and CM) update can be described as: 

 

( 1) ( )i j ijsk H sk   

 
Here, i is the order of CM in Table 1, j is the 

order of ski, for example, sk11 is the first share key for 
Sx and CH, sk12 is the second share key for Sx and CH; 
H is a one-way hash function. 

If there are some CMs being about to use up their 
energy, these CMs will report this information to CH. 
Only when these CMs get authenticated, will CH 
modify the third column of these CMs to 0, and then 
CH sends the Uc(i) of these CMs to all its other CMs. 
And other CMs store these Uc(i). Moreover, CH will 
count the number of the revoked CMs, if the number 
is larger than a threshold Nt, CH allows new nodes to 
add into this cluster and regenerates authentication 
materials. 

 
 

4. Security and Performance Analysis 
 
In this section, we present the security and 

performance analysis of our scheme. 
 

4.1. Security Analysis 
 
Capture Attack: If the capture CM has used up 

energy, other CMs all have store the Uc(i) of this CM. 

If the capture CM hasn’t used up energy or the 
capture is a CH, in order to handle such a case, there 
is an Intrusion Detection System (IDS) which detects 
the abnormal behavior of any intruder. The details of 
the IDS are beyond the scope of this paper and will 
be presented in our future works. 

Man-in-the-middle Attack: In our scheme, the 
session key Kij or Kji is very important for 
authentication and they are never directly exchanged 
between two CMs, so the adversary could get little 
information by eavesdropping the exchanged 
message. If the adversary modifies the exchanged 
message between two CMs, those two CMs can’t 
finish the mutual authentication. But they will report 
this information to CH. And after CH check their 
legality, CH finds that two CMs are both legal. So 
CH knows there is an intruder in the network, and the 
IDS can handle this case. 

Replay Attack: The session key Kij or Kji is never 
directly exchanged between two CMs, so the 
adversary could get little information by 
eavesdropping exchanged message and there is no 
use replaying the exchanged message. 

DoS Attack: In order to handle this case, we let 
CMs sleep at most of the time, and only wake up at a 
unanimous time to do the authentication or 
communicate with each other. Because the adversary 
does not know the unanimous time, it will waste its 
energy. 

 
 

4.2. Performance Analysis 
 
Storage Analysis: The CH has to store 5 items for 

each CM. So the storage of CH is 
n*Length(Name|UID|Lr(i)|SK|Flag). Here, n is the 
number of CMs in its control and the function 
Length() is used to get the length of a string. The 
total storage of CMs will change over time for the 
revocation of CMs and the emergence of 
authentication-failed CMs. CM only needs to store 
Lr(i) and Uc(i) at the beginning of materials 
distribution, but with the number revoked or 
authentication-failed CMs increasing, CM has to 
store M*Uc(i) more information. Here, M is the 
number of revoked or authentication-failed CMs. 
This set can reduce computation cost. 

Computation Analysis: The CH has to do the LU 
decomposition, so it has more computation cost. CH 
and CMs all need to calculate the session key, 
encrypt and decrypt the message. But the 
computation overhead of our proposed scheme is 
very low compared with the schemes which use 
public key technology. 

Connectivity Analysis: In our scheme, every node 
can communicate with each other, so any pair of 
nodes can get authentication between each other. So 
our scheme has good connectivity. 

Scalability Analysis: Clustering makes our 
scheme better scalable. Any new added node can be 
assigned to a cluster by a good clustering algorithm. 
So our scheme has good scalability. 
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5. Conclusions 
 
In this paper, we propose an authentication 

scheme for clustered wireless sensor network which 
has less computation, storage and communication 
cost, and also improves the security without losing 
scalability. The LU decomposition our scheme 
utilized has less computation compared with the 
schemes which are based on public key technology. 
CH has more resource and is responsible for more 
computation. So CMs can work for longer time, and 
significantly extend the survival time of the entire 
network. Any pair of CMs can do mutual 
authentication without the help of other CM. If the 
CMs fail to do mutual authentication, and then CH 
will handle this case. Furthermore, the storage and 
communication overhead of our scheme is very low 
for the compression of the authentication materials 
which also saves the network-wide traffic. The set of 
threshold Nt reduces the frequency of key update 
which also saves the energy of sensor nodes. Take 
advantage of cluster, our scheme is also more 
scalable. A suitable cluster algorithm and an IDS for 
the proposed scheme will be considered in our future 
research. 
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Abstract: Combined with the scanning of the probe array, this paper proposes an imaging method of the plate-
like structural defects based on matching pursuit and the theory of time reversal. First, Match pursuit algorithm 
is used to the original signal processing of guided wave detection to improve signal quality, and provides a good 
foundation for signal reconstruction. Then it does algebraic difference of the signal before plate injury and the 
signal after injury to obtain the difference signal, and it uses the difference signal as time reversal excitation 
signal to obtain a set of time reversal signal. Last, the time-reversed signals are re-energized in the finite element 
model to simulate the actual plate, and damage imaging is realized in accordance with the principle of synthetic 
imaging. Experimental results show that this method can accurately extract the envelope of the signal, and more 
accurately detect the position of the defect, the range and other characteristics. Copyright © 2013 IFSA. 
 
Keywords: Plate-like Structure, Lamb wave, Match pursuit, Time reversal, Ultrasonic image. 
 
 
 
1. Introduction 
 

In recent years, guided wave nondestructive 
testing technology as one mean of ship repair has 
attracted universal attention, and played an extremely 
important role in ship maintenance and support. 
Guided wave flaw detection has broad applicability 
and can be used in non-destructive testing on almost 
all parts of the ship, including pipe, sheet metal, 
castings, forgings and welds. The plate exists 
inevitably a small number of defects due to the 
manufacturing and the forming process, such as 
delamination, cracks, scratches, etc. At the same time 
due to the external load and the use of environmental 
changes, it may also cause the extension of the flaw 
of the inside of the plate, thus causes devastating 
accident. Therefore, there is very important 
significance to make regular check of the plate. 

Lamb wave propagates in the plate as sound field 
throughout the entire wall thickness, and propagation 
distance is long and the attenuation is small. So it is 
commonly used in the detection of the plate-like 
structure. Lamb wave-based ultrasound imaging 
technology has also been applied to the plate-like 
structure defect detection. Hutchins et al has 
modified the synthetic aperture focusing technique 
(SAFT) [1], and processed the detection signal to 
image. At the same time, they studied tomography of 
holes type defection [2] in the aluminum plate. 
Stanford University, Chun H and Fu-Kuo Chang et al 
had studied damage monitoring methods integrated 
time reversal imaging and the synthetic aperture 
technology [3]. On the basis of existing active Lamb 
wave scanning synthesis time reversal imaging 
method, Wong Jing et al had studied damage imaging 
from multiple angles and directions [4] combined 
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with the sensor array scanning. Zhang Hai-Yan et al 
had studied the application [5] of time reversal on 
dispersion and multi-mode Lamb wave structural 
health detection, and used probability tomography 
method to damage identify of Lamb wave structural 
health detection . In the above studies, Lamb wave 
detection signal is directly used for time reversal and 
envelope extraction. It is difficult to fully extract the 
defect information implicit in the scattering signal, 
and the ability of noise suppression is poor. Aim to 
these problems, match pursuit is used to signal 
filtering, and then the filtered signal is used for time 
reversal, so Lamb wave dispersion compensation can 
be further improved to improve the signal-to-noise 
ratio and monitoring accuracy. 

 
 

2. Matching Pursuit Lamb Wave Signal 
Processing 
 

Lamb wave can be generated in a plate with free 
boundaries with an infinite number of modes for both 
symmetric and antisymmetric displacements within 
the layer. The symmetric modes are also called 
longitudinal modes because the average displacement 
over the thickness of the plate or layer is in the 
longitudinal direction. The antisymmetric modes are 
observed to exhibit average displacement in the 
transverse direction and these modes are also called 
flexural modes. Lamb wave frequency characteristic 
with free boundary conditions is: 

Symmetric modes: 
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Antisymmetric modes: 
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Sc  is the  transverse wave speed; Lc is the 

longitudinal wave speed. 
Although the equations look simple, they can be 

solved only by numerical methods. To an example of 
symmetric modes, the formulation (3) and 
formulation (4) are substituted into the formulation (1) 
results in: 
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where phase velocity kc p
  

Phase velocity of each mode and frequency-
thickness fd are non-linear relationship. 

The group velocity gc can be found from the 

phase velocity pc by use of the formula: 
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The main features of the Lamb wave lies in its 

multi-mode and dispersion. There are at least two 
Lamb wave modes in any given excitation frequency. 
The phase velocity of each mode changes with the 
excitation frequency, i.e. dispersion. Dispersion 
characteristics make the detection become very 
complex. So a very important aspect of the Lamb 
wave detection is accurate signal interpretation. 

Matching Pursuit(MP) applied to the signal 
processing is a new concept. It is proposed by  
Mallat S. et al. [7] and has developed many improved 
algorithm. Matching Pursuit is not direct optimization 
and approximation, but uses the skills of the greedy 
algorithm and iterative recursion to progressively 
approach the signal. Every step in iterative process 
selects the most closely match atomic of the signal to 
makes the signal approximation more optimized. 

In }{ gD  ，  , The number of atoms L 

is much larger than the signal dimension N, and 
contains the N linearly independent vectors. These N 

vectors constitute a set of base of signal space NR . 

Matching pursuit projects f  onto vector Dg 0 , 

and calculate the remainder fR1 : 

 
 fRggff 1

00
,    

(7) 

 

Obviously, 
0

g and Rf are orthogonal, that 

 
 2122

0
, fRgff    

(8) 

 

To minimization fR1 , take Dg 0 to let 

0, gf  maximization. In some cases, can only 

find a vector in this sense is the best: 
 

 





  gfgf ,sup,
0

 
(9) 
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Here is an optimal factor, meets 10  . 
Each step of signal sparse decomposition based 

on matching pursuit is solving the optimization 
problem of equation (9).  

The evolutionary programming algorithm is a 
kind of intelligent algorithm based on mutation 
operation. It is noticeable in solution search 
efficiency, excellent stability and global convergence 
ability. It has been used in circuit fault diagnose and 
proved to be useful in the field of multi parameters 
search and optimization. The idea of EP is to 
simulate the programming process of biology in 
nature which includes the collective study process of 
the population make of many individuals.  

In view of the advantage of solving optimal 
problem tEP algorithm, this paper applies it to 
optimization problem of finding the best Chirplet 
time-frequency atoms. The real function expression 
of Chirplet time-frequency atoms is: 
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Specific practices are as follows： 
(I) Parameter initialization: N is the number of 

individuals in a population, maxG is the maximum 

evolution generation, q is the random competition 

number of individuals, n  is operators degrees of 
freedom and  is mutation step, set the scope of the 
parameters and evolutionary termination condition; 

(II) Population initialization: N individuals 

randomly generated as initial population 0X  in the 

definition domain;  
(III) Termination of judgment: Termination 

condition is met, stop evolution, otherwise, go to the 
step (IV); 

(IV) Variation: Individual variation in accordance 
with the formula (11), Where   is the greater, n is 

the smaller, then the variability of operator is the 
greater, and each dimension operator is independent. 
Punish the variation in offspring to make the 
offspring population in a defined domain; 
 

 )()()()( ntggxgx gx  
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For each parameter, the following expressions are 
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(V) Fitness calculation and q competition: 

Restructure )g(x , and )g(x  to be a temporary 

population ,X , calculate the individual fitness of ,X , 
make q random competition and select the fitness of 

the N individuals to form a new population ''X ; 
(VI) Evolution generation increase: 1GG  , go 

to step (III). 
A flowchart is shown in Fig. 1. 
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Fig. 1. MP algorithm flowchart. 
 
 
3. Time reversal focusing 
 

Time reversal [9], Called phase conjugated in the 
frequency domain, refers to the sensor receives the 
time domain signal emitted by the sound source, and 
makes time reversal and reemits it (see Fig. 2), It is 
one of the application about acoustic reciprocity 
principle, and can be obtained the energy focusing in 
space and time, then reconstruction of sound source 
signals can be realized through this focus. 

Typically, in order to reduce the signal analysis 
and processing difficulty, active Lamb wave 
structural health monitoring use narrowband signal 
excited Lamb wave in structure. For an N probes 
sensor array, first, Select a probe as an incentive, and 
launch limited amplitude narrow pulses )(t  in the i 

array element. Then, at the receiving point, the 
received signal is [10]: 
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Fig. 2. Time reversal schematic diagram. 
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For the received signal, after the reversal of the 
time of T and t the re-emitted signal on the i element 
is: 
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4. Improved Image Method of the Plate-
like Structural Defects 
 

Imaging of damage in this section is divided into 
four steps: First, Match pursuit algorithm is used to 

the original signal processing of guided wave 
detection to improve signal quality, and provides a 
good foundation for signal reconstruction; then it 
does algebraic difference of the signal before plate 
injury and the signal after injury to obtain the 
difference signal [5]. It can be considered that the 
difference signal is caused by damage, Its 
propagation path can be explained as that the 
excitation signal directly reaches the receiving probe 
after injury reflector; and use the difference signal as 
time reversal excitation signal to obtain a set of time 
reversal signal and time-reversed wave field 
amplitude distribution. Last, the time-reversed signals 
are re-energized in the finite element model to 
simulate the actual plate, and damage imaging is 
realized in accordance with the principle of synthetic 
imaging. The specific process is as shown in Fig. 3. 

The detection area is evenly divided into 

21 KK   grids (pixels), any point ),( jiX . 
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Fig. 3. An image procedure for match pursuit signal processing: (a) health structure response signal; 
(b) injury structure response signal; (c) matching pursuit process result; 

(d) time reversal signal; (e) injury image. 
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nxmt  is the time that the incident wave comes 

from the transmitter ),( mm yxm  and reaches after 

injury ),( jiX  and receiver ),( nn yxn , as shown in 

Fig. 4. 
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Fig. 4. Signal propagation. 

 
 

xmL  is the distance from the transmitter 

),( mm yxm to injury ),( jiX , the value is:  
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 22 )()( jyixL mmxm   (21) 

 

 22 )()( nnnx yjxiL   (22) 

 

v is the propagation velocity of the signal; 

In accordance with the principle of synthetic 
imaging, we assign to each point in the image matrix. 
For an arbitrary point ),( jiX in the matrix, the 

amplitude after the synthesis is [4]: 
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wherein mnA  is a weighted value, and takes the same 

amplification factor 1010 in the back of the imaging 

for simplicity; mnf  is absolute value of the envelope 

of the damage scattering signal from excitation 

probe m  to receiving probe n ; 0t is the input time of 

excitation signal. 
 
 

5. Experiment Study 
 

Experiment uses a steel plate with size 600 mm  
450 mm  4mm.Taking into account the complexity 
of broadband Lamb wave propagation, and it needed 

to determine the arrival time of the wave packet, 
experiment uses narrowband excitation 

signal )t5cos(e)t( 2/t 2 with excitation 

frequency 250 kHz to produce 0A mode Lamb wave, 

as shown in Fig. 5. 
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Fig. 5. Excitation signal. 
 
 

Excitation / receive sensors arrangement and 
injury location are shown in Fig. 6, and location 
coordinates are (100,-125), (200,-125), (100,125), 
(200,125). The structure response signal of the 
healthy state is shown in Fig. 7(a). 
 

 

x

y

o

 
 

Fig. 6. Sensor layout. 
 
 

We paste an aluminum bar on the surface of the 
structure as the damage simulation. Injury center 
coordinates is (150,0), the length is 1mm and the 
width is 10 mm. The structure response signal of the 
injury state is shown in Fig. 7(b), the difference 
signal between the signal before plate injury and the 
signal after injury is shown in Fig. 7(c). 

It uses Ansys finite element software and the 
shell63 shell element simulates no damage steel 
plate. The shell size is divided into 1 mm  1 mm. 
The elastic modulus of steel sheet is Gpa200 , the 

density is 3m/kg7850 , and the poisson's ratio is 

0.32. It takes the difference signal as the finite 
element excitation signal to obtain the time reversal 
signal envelope as shown in Fig. 8. 
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Fig. 7(a). The health structure response signal. 
 
 

 
 

Fig. 7(b). The injury structure response signal. 
 
 

 
 

Fig. 7(c). The difference signal. 
 
 

 
 

Fig. 8. The time reversal signal envelope. 
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Alternately selecting one piezoelectric of array as 
actuator and the others as receiving sensors, through 
scanning we can obtain the absolute envelop of time 
reversal signal. Using the formula (23) can get the 
imaging result as shown in Fig. 9(a). 

 
 

 
 

(a) 
 

 
 

(b) 
 

Fig. 9. The imaging result. (a) unfiltered signal,  
(b) time reversal signal after matching pursuit process. 

 
 
In accordance with the principle of time reverse, 

each wave source will make the corresponding time-
reversed wave field focus in the source location. In 
order to achieve the accurate positioning of the 
injury, it is needed as complete and accurate as 
possible to obtain the waveform information 
generated by the damage, in this paper, we use 
matching pursuit to signal process. The matching 
pursuit process result of damage state signal is shown 
in Fig. 10. 

During the time reverse process at the sensing 
location, the wave packets, which travel at slower 
speeds and arrive at the sensing point later, are 
reemitted to the original source location First. 
Therefore, all wave packets traveling at different 
speeds concurrently converge at the source point 
during the time reversal process, compensating for 
the dispersion. It takes the difference signal as the 
finite element excitation signal to obtain the time 
reversal signal envelope as shown in Fig. 11. 

 
 

 
 

Fig. 10. The matching pursuit process result  
of damage state signal. 

 
 

 
 

Fig. 11. The time reversal signal envelope after filtering. 
 
 

Alternately selecting one piezoelectric of array as 
actuator and the others as receiving sensors, through 
scanning we can obtain the absolute envelop of time 
reversal signal after matching pursuit process, and get 
the imaging result as shown in Fig. 9(b). Compared 
with the Fig. 9(a), the damage imaging result is more 
clearer, and it is more truly reflect the location and 
size of the injury. 

 
 

6. Conclusions 
 

Lamb wave is a common method of 
nondestructive testing of plate-like structural defects, 
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aimed at the dispersion and multi-mode 
characteristics. This paper uses matching pursuit to 
filter the signal and improve the accuracy of the 
envelope extraction; the difference signal through 
time reversal is applied to damage identification; The 
experimental results show that this method extracts 
the damage information more accurately, and the 
imaging of the location and size of the damage is 
more realistic. 
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Abstract: With the rapid development of our economy, the demand for energy has been improving fast. 
Research has found that the energy consumption of existing buildings in our country play a large part in 
depletion of resources. Develop the existing buildings is the main way to reduce energy consumption in our 
country .In the policy decision of architecture energy saving program, there are lots of factors to consider about, 
how to sum up all kinds of factors in scientific ways become the key point to make right choice. Value 
engineering could be used to estimate all the factors that connect with the program. This paper shows the way 
that how value engineering works to estimate all factors in the proportion of the program precisely, by getting 
Cost coefficient and function coefficient, Decision makers could calculate value coefficient and chose the best 
policy to make the biggest profit. Copyright © 2013 IFSA. 
 
Key words: Value engineering, Factors, Cost coefficient, Function coefficient, Value coefficient. 
 
 
 
1. Introduction 

 
China, as the world’s fastest growing economies 

and one of developing countries, its energy 
consumption is increasing rapidly. In the beginning 
of the 21st century, China’s own energy production 
has been unable to meet its huge demand. In 2006, 
China has become the world’s third-largest oil 
importer, rank after USA and Japan. According to the 
information of U. S. Energy Information 
Administration, from now on to 2030 China’s oil and 
gas demand will increase about 3.8 % and 6.8 % and 
become the highest of the world. At this rate, China 
will double its energy demands. The growing of 
energy consumption will not only be the bottleneck 
of China’s development, but also a threat to the 

nation security. The reason of China’s huge demand 
for energy is because its Energy-intensive industries, 
building industries and transportation. In the late 
1970s, the energy consumption of building industries 
accounts for 10 % of total energy consumption. But 
in recent years it has risen to 25 % and will become 
about 35 % in the next 10 years. The performance of 
external thermal insulation of exterior wall in China 
is lower to developed countries about two or three 
times. About 95 % of buildings have very low rank of 
energy-saving efficiency. There is no doubt that so 
many buildings with such low efficiency will have a 
significant negative impact on global energy 
consumption and greenhouse gas emissions. The 
reformation of existing buildings for energy saving is 
very efficiency to the path of low-carbon  
economy [1].  

Article number P_1237 

http://www.sensorsportal.com


Sensors & Transducers, Vol. 153, Issue 6, June 2013, pp. 179-185 

 180 

Today, the decision makers in Chinese major 
cities have a clear understanding that existing 
buildings are unable to meet the needs of energy 
conservation and environment protection. Energy 
waste has become a serious barrier to Chinese 
sustainable development. So the governments are 
taking positive actions to reformate highly-energy-
consumption buildings into energy –saving ones and 
reduce the burden of cities’ energy consumption. [2]  

There are bunch of regional characteristics in 
energy-saving renovation project and great 
differences of material requirements between 
different cities. So it is easier to make judgment by 
specifically quantify the factors which used to judge 
by experiences [3]. So it is necessary to introduce 
some kind of scientific method to evaluate energy 
saving program. This paper shows how value 
engineering works to quantify various of factors and 
appraisal program precisely.  

 
 

2. The Purpose of Using Value 
Engineering 

 
Most existing buildings do not have enough 

function for energy conservation and the maintenance 
structure without thermal insulation layer resulting in 
the loss of energy. Now the construction energy 
conservation transformation technology has been 
mature. Including the use of external wall insulation 
system, increase the building air tightness and change 
more efficient heating equipment can effectively 
reduce energy consumption. However, how to choose 
the best solution with the minimum cost has became 
a problem when the government and developers try 
to begin energy-saving renovation project. For 
example exterior insulation system and external wall 

insulation system can all have heat preservation 
effect, but because of its input and process 
complexity is not the same that bring different cost 
and effect; another example is that the plastic 
insulating glass has good effect on heat preservation 
but its price is too high use in large area. So how to 
get a balance between costs and benefits is the key to 
success.  

Value engineering, known as value analysis is a 
kind of technology to achieve necessary function at 
the lowest life cycle cost in order to enhance project 
value. In value engineering value refers to the ratio of 
the analysis of object function and the total expenses. 
If “F” stands for the function of an object, “c” stands 
for the cost, “V” stands for value. So the calculating 
formula for value is: V=F/C [5]. When evaluate 
energy saving retrofit scheme, the deciders need to 
determine the function coefficient and cost 
coefficient, then use the formula to calculate value of 
the scheme. In multi-cases, by comparing the value 
coefficient of each scheme, the highest one is the 
best.  

 
 

3. Process of Analysis 
 

According to the method of value engineering, the 
method is divided into 4 steps including functional 
analysis, function evaluation, cost analysis, cost 
analysis and calculate value coefficient. First, 
determine all functions needed in case by using 
functional analysis; second, determine the proportion 
of different functions; third, calculate the cost 
coefficients by using cost analysis; and the last step is 
calculate value coefficient through formula. The 
specific process is showed in the Fig. 1.  

 
 

  Acquire  information

Establish function indicators 

Determine  cost coefficient Determine   function 

Calculate value  coefficient

Use triangular fuzzy method to determine function proportion 

  
 

Fig. 1. Analysis process of Value engineering. 
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3.1. Establish Function Indicators 
 

By using functional analysis the decision makers 
can specific feature requirements. When define the 
function of project, a clear concept of how the plan 
operate to achieve the goal needs to be established 
and need to know if the defined function can be 
replaced by other means. Through collecting relevant 
data and use brainstorm method. The decision 
makers can establish function indicators. 

 
 

3.2. Establish Function Index Proportion 
 
After confirmed all functions needed for the plan, 

the proportion of different functions need to be 
determined. Because of in value engineering, 
different functions are divided into necessary and 
unnecessary functions. When making decisions, 
necessary functions have larger proportion and 
unnecessary functions get less. When make decision, 
people often with irrational factors in the subjective 
evaluation and that result in failure. Triangular fuzzy 
method is developed on basis of AHP method. By 
using triangular fuzzy method to determine function 
proportion can get rid of negative influence of the 
limitations of human brain. 

AHP is short for Analytic Hierarchy Process that 
using integer from 1 to 9 and their reciprocal to 
establish judgment matrix. This kind of method need 
to extend itself in fuzzy environment: when the 
proportion of two different functions could not be 
determined. We can assume that the range of 
variation is between a to b and the most possible 
number is x, that means x is between this interval 
range. This method is called fuzzy judgment. 
 
 
3.2.1. Establish Judgment Matrix 

 
In this paper experts establish triangular fuzzy 

judgment matrix based the literature of the risk 
factors of comparative scale method. The deciders 
give two factors scores through Table 1 and build 
judgment matrix A. 

 
 

3.2.2. Consistency Check 
 
Every elements in matrix A is a triangular fuzzy 

number, in order to begin reasonable consistency 
check, first establish a new matrix: [OC], then based 
on formula AW=λmax to get λmax, at last use formula 
CI=(λmax-n)/(n-1),CR=CI/RI to get data of CI,CR, the 
number of RI can be find out in Table 2. 

If CR≤0.1, then it can be judged that matrix A 
satisfy the requirements of consistency, otherwise the 
experts shall score again and adjustment the number 
in fuzzy matrix. 

Table 1. The scale method of risk factors. 
 

Scale Instructions 

1 
Equally important: Two elements are the 
same importance 

3 
Little important: one element is little 
important to another 

5 
Obviously important: one element is 
obviously important to another 

7 
Very important: one element is very 
important to another 

9 
Extremely important: one element is 
extremely important to another 

Reciprocal 
If the ratio importance of elements I and J 

is aij then the ratio of J and I is 
aij
1   

 
 

Table 2. RI value. 
 

Matrix 
order 

number 
1 2 3 4 5 6 7 

RI 0 0 0.58 0.9 1.12 1.14 1.32 

 
 
3.2.3. The Determination of Triangular 

Fuzzy Proportion 
 
According to the operation properties of bounded 

fuzzy numbers, the formulas are: 
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(n stands for the order number of matrix). 

In order to further determine the size of Wi, 
formula 
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can be used to get a clarifications of this number, 
then the deciders can get a clear proportion of each 
function . 
 
 
3.3. Determine the Function Coefficient  

and Cost Coefficient 
 

In energy-saving transformation project. Experts 
need to evaluate the functional coefficient and cost 
coefficient. Assume two cases A and B, their 
functional scores are l1

al2
al3

a…ln
a;l1

bl2
b…ln

b and their 
functional coefficient can be calculated by formula  
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In addition, money and manpower is inevitable. 
The cost coefficient can be got after analysis all 
cases. The cost factors among materials and artificial 
cost, installation expenses and other expenses. Cost 
coefficient=function cost/total cost. Assume there are 
two cases A and B and their total cost are n1, n2, then 
their cost coefficients are 

 

CA=n1/(n1+n2),CB=n2/(n1+n2). (4) 
 
 

3.4. Calculate Value Coefficient 
 

After confirmed the cost coefficient and 
functional, according to formula V=F/C, the value 
coefficient can be got and make a comparison of 
economic rationality. By choosing the higher value 
coefficient, the project can have better efficiency. 

 
 

4. Case Analysis 
 

A library built in 1995. The existing brick 
structure do not meet the requirements of energy 

saving. The area of this construction is 1792.5 m2 and 
shape coefficient is 0.38, the volume is 5368.52 m3. 
At this stage in china the main material used in 
energy-saving has the following options:  

The first category: expanded polystyrene board 
system. 

The second category: powder polystyrene 
particles system.  

The third category: XPS extruded polystyrene 
board exterior insulation system.  

According to building energy-saving 
reconstruction experience and brainstorm method, 
the following indictor is established in Fig. 2. 

 
 

4.2. Use Triangular Fuzzy Method  
to Determine Proportion 

 
According to a value engineering analysis 

process, first it needs to establish a judgment matrix 
and score: A, B1, B2, B3 (Tables 3, 4). 

 

 
 

 

Have good 
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Safety functions
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Fireproofing   

 
 

Fig. 2. Functional parameter. 
 

 
Table 3. Matrix from a1 to a4. 

 

Matrix A 
Heat preservation 

(a1) 
Auxiliary function 

(a2) 
Safety functions 

(a3) 
Weather resistance 

(a4) 
a1 (1, 1, 1) (4, 5.5, 6) (2, 2.6, 3) (3.5, 4, 4.5) 
a2 (0.16, 0.18, 0.25) (1, 1, 1) (0.25, 0.3, 0.33) (0.4, 0.5, 0.67) 
a3 (0.33, 0.38, 0.5) (3, 3.3, 4) (1, 1, 1) (2, 2.5, 3) 
a4 (0.22, 0.25, 0.29) (1.5, 2, 2.5) (0.33, 0.4, 0.5) (1, 1, 1) 

 
 

Table 4. Matrix from b1 to b3. 
 

Matrix B 
Resistance to sun 

(b1) 
Resistance to dampness  

(b2) 
Resistance to crack 

(b3) 
b1 (1, 1, 1) (4, 4.2, 4.5) (4, 4.5, 5) 
b2 (0.22, 0.24, 0.25) (1, 1, 1) (1, 1.3, 2) 
b3 (0.2, 0.22, 0.25) (0.5, 0.77, 1) (1, 1, 1) 
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Table 5. Matrix from c1~c2. 
 

Matrix C Fireproofing (c1) Strength requirement (c2) 
c1 (1, 1, 1) (4.5, 5.2, 5.5) 
c2 (0.18, 0.19, 0.22) (1, 1, 1) 

 
 

Table 6. Matrix from d1~d3. 
 

Matrix D 
Easy construction 

(d1) 
Easy maintenance 

(d2) 
Artistic requirement 

(d3) 
d1 (1, 1, 1) (2, 2.5, 3) (3, 3.4, 4) 
d2 (0.33, 0.4, 0.5) (1, 1, 1) (1.5, 2.3, 3) 
d3 (0.25, 0.29, 0.33) (0.33, 0.43, 0.67) (1, 1, 1) 

 
 

4.2.1. Consistency Check 
 

In matrix A, the process of consistency check is 
the following below: According to the matrix in  
Table 5, matrix P consists with the number in the 
middle of triangular fuzzy number is that:  

1. M1= ij
n

1j x =1*5.5*2.6*4=57.2, in the same 

way to M2=0.027, M3=3.135, M4=0.2  

2. 75.22.57W 4
1  , 2W =0.41, 3W =1.33, 4W = 

0.67 and  
4

1i iW =5.16  

3. Wi=  
4

1i ii W/W , W1=0.53, W2=0.08, 

W3=0.25, W4=0.14  
4. The maximum characteristic root of matrix p is 

λmax, 
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5. The consistency of judgment matrix inspection:  

Consistency indictors CI= 015.0
14

4max 
 , when n=4, 

RI=0.9. 
Then CR=CI/RI=0.015/0.9=0.017<0.1, the result 

has passed the consistency check. Other results are 
showed in Table 7.  
 

Table 7. The summary of consistency check  
of each matrix. 

 
Matrix λmax CI RI CR 
Matrix 

b1~b3 to B 
3.09 0.045 0.58 0.07 

Matrix 
 c1~c2 to C 

2.38 0 0 0 

Matrix 
 d1~d3 to D 

3.08 0.04 0.58 0.069 

4.2.2. Calculating Fuzzy Proportion 
 

According to formula: 
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W1=[0.47, 0.51, 0.49] 

 

According to formula: 
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  (7) 

 

W1
e=0.5 

 

Similarly, other fuzzy proportions are showed in 
the Table 8. 

 
 

Table 8. Fuzzy proportions 
 

Function 
indictor 

a x b Wi
e 

a1 0.47 0.51 0.49 0.5 
a2 0.09 0.08 0.08 0.08 
a3 0.3 0.27 0.29 0.28 
a4 0.14 0.14 0.15 0.14 
b1 0.7 0.69 0.66 0.68 
b2 0.17 0.17 0.2 0.18 
b3 0.13 0.14 0.14 0.14 
c1 0.82 0.84 0.84 0.83 
c2 0.18 0.16 0.16 0.17 
d1 0.58 0.56 0.55 0.57 
d2 0.27 0.3 0.31 0.29 
d3 0.15 0.14 0.14 0.14 

 
 

4.2.3. Total Sorts Consistency Check and 
Comprehensive Sorting 

 
Before total sorts of established function system, 

it is necessary to have consistency test. If CRtotal <0.1, 
it satisfies the consistency check. 
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According to formula  
 

1.0
RI

CI
CR

j
m

1j j

m
1j jj

total 










 (8) 

 
the results are shown in Table 9. 

 
 

4.3. Determine the Function Coefficient  
and Cost Coefficient 

 
In order to compare different cases more 

accurately, deciders can use 10 points as a 

benchmark and according to the different properties 
of these materials to give ratings. And the results are 
showed in Table 10. 

Based on existing data, the price of EPS thermal 
insulation system is about 65 yuan/m2, powder 
polystyrene particles system is about 76 yuan/m2 and 
Xps heat preservation system is about 84.46 yuan/m2. 
After calculation the construction costs of different 
cases are showed in Table 11. 

In this case it can be concluded that choose EPS 
thermal insulation system has the highest value 
coefficient than other choice and become a priority 
option. 

 
 

Table 9. Results according to equation (8). 
 

Function indictor αj CIj RIj CRtotal Function indictor βj wi 
a1 0.5 0 0 a1 1 0.5 

d1 0.57 0.0456 
d2 0.29 0.0232 a2 0.08 0.04 0.58 
d3 0.14 0.0112 
c1 0.83 0.2324 

a3 0.28 0 0 
c2 0.17 0.0476 
b1 0.68 0.0952 
b2 0.18 0.0252 a4 0.14 0.045 0.58 

0.074<0.1 

b3 0.14 0.0196 

 
 

Table 10. Rating scale of function factor. 
 

EPS system Powder system XPS system Function Propor
tion Points Weighted 

score 
Points Weighted 

score 
Points Weighted 

score 
a1 0.5 9 4.5 8 4 10 5 
d1 0.0456 8 0.3648 9 0.4104 7 0.3192 
d2 0.0232 7 0.2624 6 0.1392 8 0.1856 
d3 0.0112 8 0.0896 7 0.0784 6 0.0896 
c1 0.2324 8 1.8592 7 1.6268 7 1.6268 
c2 0.0476 6 0.2856 9 0.4284 7 0.3332 
b1 0.0952 6 0.5712 7 0.6664 8 0.7616 
b2 0.0252 5 0.126 8 0.2016 6 0.1512 
b3 0.0196 6 0.1176 7 0.1372 5 0.098 

total 1 63 8.1764 68 7.6884 64 8.5652 
Function coefficient 

5652.86884.71764.8

1764.8


 

5652.86884.71764.8

6884.8


 

5652.86884.71764.8

5652.8


 

results 0.3347 0.3147 0.3506 
     (Weighted score =score*proportion) 

 
 

Table 11. Value coefficient calculation sheet. 
 

 EPS System Powder System XPS System 
Unit price per square meter 65yuan/m2 76 yuan/m2   84.46 yuan/m2 
Total price (yuan) 116,512.5 136,230   151,394.55 
Cost coefficient 0.288 0.337   0.375 
Function coefficient 0.3347 0.3147   0.3506 
Value coefficient 1.1622 0.9338   0.9349 
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5. Conclusion 
 

Energy-saving transformation projects are in full 
swing all over China, at present stage the decision-
making departments at all levels need to work out 
solutions good for local economic and environment, 
using limited resources to get the maximum effects. 
When they face multiple solutions, how to compare 
these cases in scientific and effective ways is the key 
to success. There are several advantages by using 
value engineering scheme: 

1. Value engineering scheme can integrate 
independent factors more effectively. Use value 
engineering analysis. Independent factors can be 
integrated as a whole and enables the evaluation 
more accurate without being effect by a single factor 
or the limitation of experience. 

2. Value engineering make different factors in 
cases more quantitative. By introducing value 
engineering solutions into evaluation, all factors 
about decision-making are classified and could be 
scored in scientific ways, after evaluate the function 
coefficient and cost coefficient and calculate value 
coefficient. The pros and cons of each solution are 
compared and fuzzy problems are clearly solved. 

3. Value engineering provides more space for 
project decision. Even if new products or new factors 
are introduced in cases, value engineering shall not 
fail to work. After reconsider new factors the content 
of the evaluation will be improved and the 
conclusions will be more accurate.  

To sum up, through the scientific method of value 
engineering the deciders can choose the best solution 
for case. Limited resources are effective used, 
technology and economic get a balance that meet the 
sustainable development of China. 
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Abstract: A compressive sensing (CS) based mobile video communication system is proposed to meet the 
requirement that video service needs low-complexity video encoder in the mobile internet. In this system, the 
mobile client uses CS based video encoder having low computational complexity and power, and then its output 
bit-stream is decoded using CS recovery algorithm in the fixed base station or network server. The decoded 
video signal is transformed again as bits by the traditional H.264/MPEG video encoder, and the central base 
station transmits them to mobile clients so as to realizing low-complexity video decoding. The simulation 
experiments show that the proposed CS based mobile video communication system has the better rate-distortion 
performance, and can ensure high quality video reconstruction at low measurement rates.  
Copyright © 2013 IFSA. 
 
Keywords: Mobile video communication system, Compressive sensing, Distributed video coding, CS based 
video reconstruction. 
 
 
 
1. Introduction 
 

With the rapid development of mobile internet, 
new requirements of multimedia applications come to 
the stage, such as some mobile social network 
platforms (Twitter, Facebook, etc.) commonly offer 
uploading and downloading services of music, 
images and videos to users for feeling free to share 
the novelty of life with their friends. However, the 
multimedia data must be compressed in the mobile 
client so as to ensure quick and reliable data 
transmission on account of the limited network 
bandwidth. For music, text and image containing 
smaller data, current traditional compression 
technology has already allowed that mobile client can 
upload and download data quickly, and the encoding 
requires low computational complexity and can not 

waste a mount of electric energy. But, the traditional 
video compression technology based on hybrid 
coding framework, such as H.264 or MEPG, is often 
5 to 10 times more complex than decoder and not fit 
for video applications in mobile communication 
system. The mobile video communication system 
requires the low complexity encoder since mobile 
client has the limited computational capability, 
memory capacity and power consumption, and the 
base station makes it having the higher complexity 
decoder. The solution for this situation is to find the 
“light encoding and complex decoding” video codec 
framework and use it to construct the mobile video 
communication system having the high-efficient 
compression performance and better error resiliency. 

Recently, the appearance of compressive 
sensing (CS) offers a new idea for the construction of 
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mobile video communication system. CS theory 
demonstrates that signals which have sparse 
representation under some transform domain can be 
sampled at sub-Nyquist rates via linear projection 
onto a random basis while still enabling exact 
reconstruction of the original signal, which provides 
the potential of dramatic reduction of computation 
complexity in video compression [1]. With a 
combination of CS theory and distributed video 
coding (DVC) system [2], this paper a mobile video 
commutation system being appropriate for video 
applications in mobile internet. This system 
effectively reduces the complexity of video encoder 
and allows the mobile client to do video call or 
uploading/downloading service with rapid speed and 
power saving. In addition, the proposed system can 
also ensure the high quality video reconstruction. 

 
 

2. The Fundamentals of CS 
 

Based on the groundbreaking work of Candes [3] 
and Donoho [4], the CS theory reveals, in a pleasant 
surprise, the possibility of reconstructing a signal 
from a small number of random measurements, as 
long as the signal has the a sparse representation in 
some transform domain. To make the CS theory into 
practice, it requires three factors: sparsity or 
compressibility, incoherent sampling and optimal 
reconstruction algorithm. Among these factors, 
sparsity or compressibility is the essential condition 
of CS, the optimal reconstruction algorithm is the 
method to recovery signal and incoherent sampling is 
to guarantee the constringency of reconstruction 
algorithm. The mathematical model of CS is depicted 
as follows: 

Suppose x is a 1-D discrete signal with length N 
(If the signal is 2-D image, it will be transformed as 
1-D signal through raster scanning). It has K-sparse 
representation vector α under the certain transform 
basis which can consist of a matrix Ψ = [ψ1, ψ2, …, 
ψL]. M column vectors φi generated randomly are 
arranged as the matrix Φ = [φ1

T; φ2
T;…; φM

T] in row, 
and do the following matrix operation,  

 
 y Φ x , (1) 

 
where the column vector y with length M, the vector 
φi and the matrix Φ are called as observation vector, 
measurement vector and measurement matrix 
respectively. The formula (1) is also addressed as 
incoherent sampling since Φ and Ψ are highly 
incoherent. When the Gaussian random matrix is 
used as the measurement matrix, depending on the 
sparsity or compressibility of the signal, if satisfying 
the condition that M ≥ O(K·ln(N/K)), the following 
formula: 
 

0 2arg min  || ||   . .  || ||opt s t   
α

α α y ΦΨα  (2)

can obtain the optimal representation vector αopt of 
original signal x. Therefore, the original signal x can 
be estimated within a tolerant error range, that is, 
 

opt optx Ψα  (3) 
 

In order to avoid the high storage of measurement 
matrix, we can use (1) to incoherently sample every 
block in each frame of video signal [5]. Suppose the 
block size is B and the length of observation vector of 
each block is MB, the computational complexity of 
using CS sampling to encode video signal is O 
(MB·B2). Therefore, the CS based video encoder can 
effectively reduce the computational complexity, and 
the processing of encoder is only sample the inner 
product of matrix and vector, and the encoding also 
avoids some complex modules in traditional video 
encoder, e.g. motion estimation, so that it can be 
realized easily using software or hardware in mobile 
client. 

 
 

3. The Design of CS Based Mobile Video 
Communication System 

 
3.1. System Framework 
 

The framework of CS based mobile video 
communication system is described in Fig. 1. After 
acquiring the video signal, the mobile client firstly 
uses the low complex CS based video encoder to 
compress it and transmit the bit stream to the fixed 
base station. Then, in terms of different terminals, the 
bit stream is properly transformed: if the terminal is 
cellphone, the base station uses the CS based video 
decoder to recovery video signal and then perform 
the complex traditional H.264/MPEG video encoder 
to transform the decoded signal as new bit stream, the 
cellphone will receive these bits and use simple 
H.264/MPEG video decoder to recovery video signal; 
if the terminal is PC, the base station will transmit 
directly the bit stream to the corresponding server via 
the Internet, and the server owning powerful 
computing performs the CS based video decoder to 
reconstruct the video signal and uses H.264/MPEG 
video encoder to regenerate bits, these bits are 
transmitted again to PC and transformed as the video 
signal by H.264/MPEG decoder. From the above 
content, we can see that the proposed video 
communication system shifts compute-intensive jobs 
that CS based decoding and H.264/MPEG encoding 
to the fixed base station or web servers, however, the 
mobile client or PC having the limited computing 
ability and power consumption performs CS based 
encoding and H.264/MPEG decoding with light 
burden. Therefore, our system can reduce 
computational burden of mobile client on the premise 
that the video bandwidth can be effectively 
suppressed, and this system is able to ensure high-
quality video communication and brings the better 
user experience. 
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Fig. 1. The framework of CS based mobile video communication system. 
 
 

3.2. CS Based Video Encoder 
 

The composition block diagram of CS based 
video encoder is shown in Fig. 2. Original video 
signal is firstly divided into key frames and non-key 
frames. For key frames, each block will be sampled 
at a high measurement rate which is defined as the 
ratio of measurement number MBi to length B2, that 
is, block measurement rate is RBi = MBi/B

2. For non-
key frames, each block is sampled at the lower 

measurement rate than key frames. In order to fully 
capture the information of non-key frames, the 
measurement number of each block will be allocated 
adaptively according to image feature. Since each CS 
observation value has the same amount of 
information, they can be quantified uniformly and 
encoded as bit stream by using adaptive arithmetic 
encoding [6]. The strategy to adaptively allocate the 
measurement number of non-key frame is 
specifically described as follows: 

 
 

 
 

Fig. 2. The block diagram of CS based video encoder. 
 
 

Step 1) Local variance of each block can 
commonly reveal its complexity of image details: 
smooth block has a low variance; edge block has the 
medium variance; texture block has a high variance. 
When using CS reconstruction algorithm to recovery 
each block, the smooth block requires the less CS 
measurement number than edge block and texture 
block. Therefore, the measurement number can be 
properly allocated in terms of the variance. Then, the 
local variance of each block xi can be computed by 
the formula 

2

2 2 2
2

1

1
( )

1

B

xi ij i
j

S x B x
B 

 
  , (4) 

 

where xij represents the pixel value of image block xi, 

the mean ix  of image block is calculated by the 

formula: 
 

2

2
1

1 B

i ij
j

x x
B 

   (5) 
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Step 2) Suppose the total measurement number of 
each frame and total number of image block are M 
and n respectively. The measurement number MBi of 
each block can be computed by the formula 

 
2

Bi
2

1

xi
n

xi
i

S
M M

S


 


 

(6) 

 
Step 3) The maximum number of CS 

measurements of each block is set to be 0.9B2. We 
will find those blocks having more CS measurements 
than the upper limit and restrict their measurements 
as 0.9B2. Then, the rest of CS measurements are 
uniformly given to those blocks which are not 
beyond the upper limit 0.9B2. After relocation of CS 
measurements, some blocks can exceed the upper 
limit once again, thus the above process will be 
repeated until all blocks are limited within 0.9B2. In 

this way, we can get the final number MBi of CS 
measurements of each block. 

Step 4) According to the different measurement 
number of each block, the corresponding random 
Gaussian matrix ΦBi is constructed. Finally, the 
observation vector of each block will be obtained by 
the formula (1). 
 
 
3.3. CS Based Video Decoder 
 

The composition block diagram of CS based 
video decoder is shown in Fig. 3. After CS bit stream 
is entropy decoded and inverse-quantified, the key 
frame is reconstructed independently using the 
formula (2) on account of its high measurement rate. 
To reconstruct the non-key frame approaching the 
quality of key frame, the non-key frame needs to 
exploit the redundant information of the previous and 
following frames. The processing of decoding is 
described in detail as follows. 

 
 

ix̂

 
 

Fig. 3. The block diagram of CS based video decoder. 
 
 

Step 1) Suppose the current frame is x, xi 

represents the non-overlapping image block with size 
of B×B, and the corresponding observation vector is 
yi. A spatial window size of ±b pixels about the 
current block xi is used as the search space for 

finding the b2 candidate blocks hj to generate the 
matrix Hi = [h1,h2,…]. Depending on the multi-
hypothesis prediction proposed by in Ref. [7], the 
side information (SI) xSIi can be computed by the 
following formulas, 

 
 

SIi i ix H w  (7) 

  
T 2 T 1

i Bi i Bi i Bi i i(( ) ( ) (0.25) ) ( )T  w Φ H Φ H Γ Γ Φ H y  (8) 

  

2i Bi 1 i Bi 2 i Bi2 2 b 2
( , , , )diag   Γ y Φ h y Φ h y Φ h  (9) 

 
  

Step 2) We use the SI xSIi of each block to 
calculate the observation vector yri of the residual 
between SI and original block, that is, 

 

ri Bi i SIi i Bi SIi( )   y Φ x x y Φ x  (10) 

 

Step 3) The formula (2) is performed to 
reconstruct the residual xri, and then the current block 
is estimated by the following formula, 

 

i ri SIi
ˆ  x x x  (11) 

 
 



Sensors & Transducers, Vol. 153, Issue 6, June 2013, pp. 186-191 

 190 

4. Experimental Results and Analysis 
 

We use the MATLAB 7.6 simulation software to 
test the performance of the proposed CS based 
mobile video communication system, and setting the 
following parameters: the block size B = 16, the 
search radius b = B/2, the SPL algorithm proposed by 
Ref. [8] is used to solve the formula (2), the 
transform basis selects Dual-tree Discrete Wavelet 
(DDWT), and the measurement rate of key frames is 
set to 0.7. The test signals are the first 60 frames of 
four CIF video sequences: Foreman, Mobile, Bus and 
News, and the key frame frequency is set to one key 
frame every two frames. Table.1 shows the average 
PSNR of the reconstructed non-key frames at the 
measurement rate of 0.1 to 0.5, and we can see that 

the average PSNR of sequences Foreman and News 
having large static area and slow motions reaches up 
to 35 dB at the low measurement rate 0.1 and 
increases as the measurement rate rise. When the 
measurement rate is 0.5, the PSNR value is about 40 
dB and close to faithful recovery. For the sequences 
Mobile, Bus having abundant details and fast 
motions, the average PSNR of reconstructed video 
signal is slightly low and between 23 dB and 34 dB. 
The system can still ensure high quality of these 
sequences. Fig. 4 illustrates the subjective quality of 
the 13th frame in Foreman sequence at the 
measurement rate 0.1, it can be observed that the 
reconstructed frame has still a better subjective 
quality. 

 
 
 

Table 1. Average PSNR of non-key frames at the different measurement rate. 
 
Measurement Rate 

Sequences 
0.1 0.2 0.3 0.4 0.5 

Foreman 34.69 36.78 38.04 39.03 40.00 
Mobile 23.87 26.39 28.00 29.21 30.37 
Bus 26.16 28.80 30.65 32.18 33.70 
News 37.15 38.57 39.36 39.87 40.29 

 
 

  
 

(a) Original (13th frame). 
 

(b) The reconstructed non-key frame. 
 

Fig. 4. The subjective quality of the reconstructed 13th frame in Foreman at the measurement rate 0.1. 
 
 

5. Conclusion 
 

A CS based mobile video communication 
system is proposed in this paper. In this system, 
mobile client uses CS based video encoder to 
realize video compression. The CS based video 
encoder can effectively reduce the computational 
burden and power consumption of encoding since it 
directly performs the simple incoherent sampling 
but removes the complex motion estimation. The 
output bit stream of CS based video encoder is 
recovered in the fixed base station or web server, 
and the reconstructed video signal is transformed to 
the bit stream again by using the complex 
H.264/MEPG video encoder. Then, the mobile 
client will receive the bit stream and use the 
H.264/MEPG video decoder having the low 
computational complexity to reconstruct the video 

signal, so this system also ensure that video 
decoding has light computational burden and low 
power consumption. Simulation results show that 
the proposed CS based mobile video 
communication system has the better rate-distortion 
performance, and can ensure high quality video 
reconstruction at low measurement rates. 
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Abstract: Distributed video coding can effectively reduce the complexity in encoder, so it adapt to the capacity-
constrained scenarios, such as the wireless video sensor network. But in wireless networks, the transmission 
rate’s instability caused by the fluctuant bandwidth will influence the video reconstructed quality. This paper 
proposes a wavelet domain distributed coder for video which allows for scalability and does not need feedback 
channel. At the encoder, a simplified integer wavelet transform algorithm is adopted to improve the 
computational efficiency. Then according to the channel condition, either the low-frequency coefficients or the 
low frequency plus several high frequency coefficients are selected. At the decoder, the video sequence is 
reconstructed by the received coding rate and the generated side information. The simulation results show that 
the proposed scheme can reduce the transmission bit rate with a good video transmission quality. 
Copyright © 2013 IFSA. 
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1. Introduction 

 

With the development of broadband wireless 
network, more and more mobile video terminals have 
been used in multimedia communications. These 
application scenarios require a light encoder in which 
the computation and memory capacity are scarce at 
the wireless terminals. A new video compression 
paradigm Distributed Source Coding (DSC) based on 
Slepian-Wolf lossless coding theory [1] and Wyner-
Ziv lossy coding theory [2] has been proposed. For 
two correlated sources, X and Y are encoded 
independently and then jointly decoded to achieve 
compression. Source Y is compressed with traditional 
coding techniques and used at the decoder to estimate 

source X. According to Slepian-Wolf theorem [1], if 
this estimate is used as a Side Information SI to aid 
decoding, the original source X can be lossless 
reconstructed at rates R ≥ H(X/SI) even if SI is not 
known at the encoder. The counterpart of the Slepian-
Wolf theorem for lossy source coding is Wyner-Ziv’s 
work [2]. Wyner proposed that such compression can 
be achieved using channel coding techniques, where 
X is compressed into its syndrome representation S, 
and SI is used to choose the most likely value of X 
from the other coset elements represented by S. 
Recently, several practical schemes based on the 
DSC principles have been proposed for video coding, 
i.e. Distributed Video Coding, such as the European 
DISCOVER codec architecture [3], Bernd Girod’s 
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DVC scheme with feedback channel [4], 
Ramchandran’s PRISM (Power-efficient Robust 
high-compression Syndrome-base Multimedia) 
scheme [5], and etc. 

In the Distributed Video Coding (DVC) scheme 
based on Wyner-Ziv theorem, the video frames are 
divided into key frames and Wyner-Ziv frames. The 
key frames (i.e. K frames) adopt conventional 
intraframe coding decoding algorithm. The Wyner-
Ziv frames (i.e. WZ frame) use inside coding and 
inter decoding. There are two approaches: the pixel 
domain Wyner-Ziv codec system and the transform 
domain Wyner-Ziv codec system [2]. Due to the low 
compression efficiency of the pixel domain WZ 
coding, many researches focused on the transform 
domain WZ coding, such as Stanford's Wyner-Ziv 
decoding scheme based on discrete cosine transform 
(DCT) [4], in which the video frame is divided into 
8×8 or 16×16 sample blocks, and it leads to "block 
effects". So, the discrete wavelet transform (DWT) 
has been widely used in DVC paradigm due to its 
advantages of multi-resolution analysis and spatial 
de-correlation. In [6], the author proposed a linear 
prediction model to exploit the inter-band correlation 
of DWT coefficients of the hyper spectral imagery. In 
[7], the authors use the RWDT reference frames for 
finding matching blocks which satisfy CRCs to 
overcome the shift-variant of DWT domain. In [8], 
the author decomposed the original video into the 
reduced-resolution layer and the high-pass subbands 
by DWT, and the reduced-resolution layer is coded 
by an adaptive DPCM WZ coding and intra block 
coding strategy. 

In this paper, we propose a wavelet based DVC 
scheme with a feedback-free adaptive rate control 
algorithm according to the bandwidth. At the 
encoder, a simplified integer wavelet transform 
algorithm is adopted to improve the computational 
efficiency. Then according to the channel condition, 
either low-frequency coefficients or low frequency 
plus several high frequency coefficients are selected. 
At the decoder, the video sequence is reconstructed 
by the received coding rate and the generated side 
information. The rest of this paper is organized as 
follows. In Section 2, we describe our scheme in 
detail. In Section 3, we give the experimental results 
and compare the performance of the proposed coder 
with conventional intra-frame coding. Finally, 
conclusions and future works are discussed  
in Section 4. 

 
 

2. The Proposed Feedback-free Wavelet 
Based DVC Architecture 

 
In this section, we propose a feedback-free 

wavelet based DVC scheme, which is shown in  
Fig. 1. At the encoder, the video frames in one given 
GOP (group of picture) are divided into key frames 
(i.e. intra frames) and non-key frames (i.e. Wyner-
Ziv frames, WZ frames for short). The key frames are 
intra coded with a traditional video coding approach 
like H.264/AVC, and the non-key frames are Wyner-
Ziv coded. 

 
 

 
 

Fig. 1. Proposed scheme for feedback-free wavelet based DVC. 
 
 

At the WZ encoder, a simplified integer discrete 
wavelet transform (DWT) is adopted to exploit the 
spatial correlation. After transformed by simplified 
integer DWT, there are two types of coefficients to 
be generated: the coefficients of the lowest frequency 
subband and the coefficients of high frequency 
subbands. Considering the coefficients of the lowest 
subband represent most information of one frame, so 
in our scheme, only the lowest frequency subband is 

quantized, then the quantized coefficients are 
converted to their binary representations and a series 
of bitplanes are constructed by the same efficient 
location bit of them. These bitplanes are encoded 
using Turbo encoder, and only the parity bits are 
stored in buffer and ready for being transmitted on 
demands. All the coefficients of high frequency 
subbands are ignored due to their representation of 
the detailed information of the frame. 



Sensors & Transducers, Vol. 153, Issue 6, June 2013, pp. 192-199 

 194 

2.1. Simplified Integer Wavelet Transform 
for the Lowest Frequency Subband  

 
Wavelet transform is used in DVC coding 

systems due to its flexibility in representing 
nonstationary image signals and its ability to adapt to 
human visual system. The wavelet transform can 
decompose a nonstationary signal into a set of 
multiscaled subbands form coarse to fine, as shown 
in Fig. 2. The coefficients are comparatively 
stationary and easier to be coded. After wavelet 
transform, the energy of the whole image is 
reallocated and most of energy is grouped together 
into a small location. Sweldens proposed wavelet 
transform theory based on division-forecast-update, 
resulted in the wavelet transform being calculated in 
the integer domain and avoiding the quantization 
error in pre-process [9]. Then Said. An adopted 
single ascension and double ascension method to 
improve the compression ratio by 10 %, compared 
with the predictive coding and Haar wavelet [10]. In 
[11], the authors proposed a new method to compute 
integer wavelet transform (IWT) by binary 
coefficient to avoid the multiplications, and the 
algorithm was easy to implement on FPGA or DSP 
hardware. 

Currently, fast WT algorithms include EZW, 
SPIHT SFQ, EPWIC, and EBCOT [12]. Two types 
of ascension wavelet are commonly used: one is 5/3 
wavelet used for lossless image compression and 
lossy image compression; the other is 9/7 wavelet 
transform, used for high quality image lossy 
compression. 

In this paper, we propose a simplified fast wavelet 
algorithm based on ascension algorithm. The 
experimental results shown in Table 1, the efficient 
of DWT is improved by 70 %. The proposed 
algorithm is based on the reversible integer 5/3 
wavelet transform, which is one of the lifting 
wavelet. The basic arithmetic of lifting wavelet 
transformation is through a lazy wavelet to constructs 
a better nature new wavelet gradually. There are three 
steps of integer wavelet transform based on lifting 
scheme, which is described specifically as follows 
and shown in Fig. 2. 

 
 

2 js

2 1js 
 

 
Fig. 2. Lifting wavelet transform diagram. 

 
 

(1) Split 
Subset the original signal S into even signal S2j and 

odd signal S2j+1, F(S)=( S2j, S2j+1). 

(2) Predict 
In view of data relevance, keep even signal S2j 

constant, predict odd signal S2j+1 through 
interpolation method, dj is the D-value between 
predictive value and the actual value, i.e. dj=s2j+1-
P(s2j+1), and P is the prediction operator. 

(3) Update 
Because decomposed into two subsets, some 

characteristics of the original set are lost, to make the 
subset data and the original set data have the same 
characteristics, update S2j using dj, in order to retain 
some characteristics of the original signal S, such as 
retain the same average value, this operation recorded 
as, aj=S2j+U(d2j) and U is the update operator. 
Considering about 5/3 biorthogonal wavelet, dj and aj 
are calculated by formula (1) and (2) respectively. 

 

2 1 2 2 1

1
( )

2j j j jd s s s 
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2 1

1
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The multiplication of lifting coefficient (1/2 and 
1/4) can be replaced by shift operation to reduce 
computation. In the traditional fast algorithm, first 
step is to make a one-dimensional IWT transform in 
row, resulting in high and low frequency parts in 
horizontal. The second step is to do one-dimensional 
IWT in column. Due to the low frequency part 
containing the most energy image, the importance of 
low frequency part is far higher than the high 
frequency part. 

Considering the limited processing ability of DVC 
encoder, the second step can be simplified by 
ignoring the high frequency part. A picture of 
original image is treated as shown in Fig. 3. The 
proposed method focuses on high-efficiency 
calculation of low-frequency region, and ignores the 
low-efficiency calculation of high-frequency region. 

 
 

 
(a) 

 
(b) 

 
Fig. 3. Two-level wavelet decomposition (left: traditional 

algorithm, right: proposed simplified algorithm). 
 
 

We perform our method on Foreman and 
Coastguard QCIF test sequences, comparing with 
ascension 3/5 fast wavelet algorithm under the same 
hardware and software environment. The results are 
shown in Table 1, the proposed simplified integer 
DWT is fast than the traditional lifting 3/5 wavelet 
algorithm by 57.4 %. 
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Table 1. The efficiency contrast of the traditional fast algorithm and the simplified algorithm. 
 

Algorithms efficiency (millisecond/frame) Video 
sequences Traditional algorithm Proposed algorithm 

Efficiency 
compared 

Foreman 26.69 16.95 +63.5% 
Coastguard 33.35 18.31 +54.9% 
Soccer 33.14 18.56 +56.0% 
Hallmonitor 31.57 17.43 +55.2% 

Notes: Test environments are ARM (model EBD9260, CPU 180 MHz) and Linux (kernel version 2.6.19),  
video quality is QCIF (176×144), processing frame number is 300 frames. 

 
 

2.2. Filled Method for High Frequency 
Subbands 

 
In the PRISM framework [5], which is 

characterized by a feedback-free architecture with a 
hash-based motion search at the decoder, at the 
encoder, hash codes are generated by reduced-
resolution and coarse quantizations for each coding 
block (such as 8×8), then the mean-square deviation 
of hash code is calculated between the previous 
frame Fi-1 and the current frame Fi at the same 
position. At the decoder, if the mean-square deviation 
is less than the threshold value G, the decoder 
directly copy the block from the previous frame Fi-1 
at the same position. According to this algorithm, few 
of the low frequency coefficients can meet the 

condition, but most of the high frequency coefficients 
can meet the requirements [12]. 

Considering that if two adjacent frames in one 
video sequence are very close, the accurate of side 
information by interpolation or extrapolation is close 
to 30 dB in PSNR. Generally, human eyes are unable 
to distinguish two images if the PSNR value is more 
than 30 dB [13]. For foreman sequence, the 
experimental results of the wavelet coefficients 
statistics for the original image and SI are shown in 
Table 2 and Table 3 respectively. As we can see, the 
low frequency subband of the side information is 
very close to the original image in mean value and 
variance. Meanwhile, the low frequency subband 
contains most of the energy of original image while 
the high frequency subbands contains a small 
fraction. 

 
 
 

Table 2. Wavelet coefficients statistics of foreman video sequence. 
 

 Max Min Mean value Variance Energy 

Original image 255 0 99.05 52.88 100 % 

LLL 250.75 -4.2 99.02 52.56 99.7 % 

LLH 34.25 -34.41 -0.45 2.92 0.04 % 

H2 35.48 -31.32 -0.74 1.09 0.07 % 

LH 20.11 -24.56 0.01 2.06 0.06 % 

H 17.24 -15.17 0.03 2.14 0.13 % 
 
 

Table 3. Wavelet statistics of foreman video sequence. 
 

 Max Min Mean value Variance Energy 

SI 255 0 92.05 47.88 100 % 

LLL 250.75 5.0 101.02 69.56 99.7 % 

LLH 30.25 -36.41 -0.72 2.11 0.04 % 

H2 37.34 -28.17 -0.53 1.23 0.08 % 

LH 22.04 -23.51 -0.01 2.17 0.06 % 

H 16.64 -14.20 0.05 2.10 0.12 % 

 
 
According to the above analysis, the LLL subband 

represents most information of one frame which is 
the most important part for transmission, and the high 
frequency subbands contains the detailed image 
information. Furthermore, according to the high 
frequency subbands of the original image and SI are 

very close in mean variance, so we use the high 
frequency subbands of the SI to fill the decoding 
frame directly. The corresponding quality results of 
directly filled method of foreman and coastguard 
sequences are shown in Fig. 4, 5 and 6. 
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Fig. 4. RD performance of foreman and coastguard using filled method. 
 
 

 
 

Fig. 5. Decoded frame #141 of foreman sequence 
(left: the original image; middle: Stamford scheme; right: the proposed filled method). 

 
 

 
 

Fig. 6. Decoded frame #121 of coastguard sequence 
(left: the original image, middle: Stamford scheme, right: the proposed filled method). 

 
 

2.3. Embedded Coding without Feedback 
 
Compressed video streaming is sensible to the 

transmission errors in time-variable bandwidth and 
error-prone wireless communication networks, so the 
scalable coding technology was proposed. Scalability 
encoder is divided into two kinds: hierarchical coding 
and Fine Granularity Scalability (FGS). The 
hierarchical coding streaming is divided into several 
layers, and can only be truncated at the stratified 
place while transmitting or decoding. FGS can be cut 
off in any position, so its code rate is continuous 
variable and be called embedded coding. 

Commonly, in DVC architecture, a feedback 
channel is required for the decoder to decide the 
parity bit rate according to SI, and feedback it to the 
encoder. But the feedback brings the additional delay, 
and it is unsuitable for real-time applications. For the 

feedback free DVC, it is difficult for the encoder to 
estimate the optimal bit-rate of a specific coding 
block adaptively without access the side information 
available at the decoder. In this paper, the optimal 
number of parity bits is estimated according to the 
image signal’s intensity. The encoder controls the 
parity rate according to the current signal intensity. 
Embedded coding can be accurate code rate control, 
which is suitable for multimedia communication 
network. The SI filled high frequency method, 
mentioned in the second part of this paper is fit for 
embedded codec. Encoder decides rate of code 
stream, according to real-time bandwidth, then use 
side information to fill the rest of the image. Before 
transmission, the wavelet coding plane should be 
transformed into binary bit plane, and the priority 
order of each subband is LLL-LLH-H2-LH-H, as 
shown in Fig. 7. 
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Fig. 7. Priority order of each frequency subband. 
 
 

The data rate of coded LLL subband streaming is 
about 1/16 in one frame, but contains 99.7 % of the 
energy, so it has the highest priority. LLH and H2 
subbands are similar to LH, HL and HH subbands. 
LH and HL represent the horizontal and vertical 
direction of the high frequency subbands 
respectively. HH represents the diagonal direction of 
high frequency subbands. According to human eyes 
are more sensitive to HL and LH than to HH suband, 
the priority of LLH subband is higher than H2, the 
priority LH priority is higher than H subband. In 
order to facilitate rate control, two extra bytes have 
been added into the bit streaming to identify the 
transmitted bit number. For example, the image 
resolution is QCIF (176×144), the coding rate is 4/5 
Turbo code, and the video frame rate is 25 frame/s, 
then if all LLL, LLH, H2 subbands need to transmit, 
the data rate is close to 300 kbps, while the LLL 
subband need 79 kbps. In Fig. 8, the reconstructed 
quality of only transmitting LLL subband, 

transmitting LLL+LLH subbands and transmitting 
LLL+LLH+H2 are shown respectively. 

 
 

3. Experimental Results 
 
To testify the coding efficiency of proposed 

wavelet domain DVC, we implemented it and 
assessed the performance on two QCIF video 
sequences, i.e. foreman and coastguard sequences. In 
each sequence, 300 frames are selected. For the sake 
of simplicity, we take WZ frames as the even frames 
and key frames as the odd frames of the sequence. 
So, we have the GOP structure as I-W-I-W. Because 
this paper mainly focuses on how to code the Wyner-
Ziv frames efficiently, we assume that the key frames 
are available at the decoder perfectly reconstructed. 
The Wyner-Ziv frames are intra-frame encoded using 
the proposed scheme. The Turbo encoder is adopted 
for channel coding due to its inner robustness. 

In our experiments, we compare the RD 
performance of our scheme with Stanford scheme. 
The reconstruction quality is shown in Fig. 9 and the 
RD performance of each frame at a constant bit rate 
is shown in Fig. 10. As we can see, the RD 
performance of our scheme is better than the SPIHT 
scheme. The reconstructed image is acceptable 
according to the PSNR is about 30 dB [6]. Fig. 10 
shows the comparison between and Stanford method 
[4] in different channel bandwidth. As we can be 
seen, the proposed method can solve the DCT “block 
effect”, and the video output quality is improved by 
1~ 2dB in PSNR. 

 
 
 

 
 

Fig. 8. Decoded frame #60 of Foreman (from left to right: the original image, transmitting LLL, 
transmitting LLL+LLH, transmitting LLL+LLH+H2). 

 
 

  
 

Fig. 9. Reconstruction quality at 80 Kbps (PSNR = 28.6 dB) 
(left: the original image; middle: Stamford scheme; right: the proposed scheme). 
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Fig. 10. RD performance (left: foreman sequence; right: coastguard sequence). 
 
 

4. Conclusions 
 
In this paper, we propose a wavelet domain 

distributed coder for video which allows for 
scalability and does not need feedback channel. At 
the encoder, a simplified integer wavelet transform 
algorithm is adopted to improve the computational 
efficiency. Then according to the channel condition, 
either the low-frequency coefficients or the low 
frequency plus several high frequency coefficients 
are selected. At the decoder, the video sequence is 
reconstructed by the received coding rate and the 
generated side information. The simulation results 
show that the proposed scheme can reduce the 
transmission bit rate with a good video transmission 
quality. 
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Abstract: The signal conditioning circuit of the electrostatic sensor is a small signal amplifier that collects and 
amplifies the detected electrostatic noise. Due to its high amplification properties, the output signal is highly 
susceptible to be defaced by intrinsic or extrinsic noise. This paper is proposed a low noise signal conditioning 
circuit for electrostatic sensor. A circuit model is proposed as the electrode of the sensor to be used in circuit 
design and circuit analysis. An electrostatic noise collector amplifier is designed using a high impedance FET 
operational amplifier. A dual power supply using a single battery is provided to isolate the circuit from 50 Hz 
extrinsic noise. The design is investigated for its gain, bandwidth and noise properties. The sensor test results 
verified the design objectives. The circuit can be used to design a low noise measurement system using an 
electrostatic sensor in powder and particle technologies. Copyright © 2013 IFSA. 
 
Keywords: Electrostatic sensor, Metal electrode, Circuit model, Signal collector, Extrinsic noise, Frequency 
spectrum. 
 
 
 

1. Introduction 
 

Electrostatic sensor is a robust and cost effective 
sensor that can detect the electric charge from 
moving dry charged materials. Particle movement in 
a pipeline or a conveyor can produce small amount 
electrical charge due to particle to particle and 
particle to pipe wall collision, and this led to 
extensive research to apply the electrostatic sensor as 
a device to measure flow parameters in powder and 
particle flow conveyors. Some major researches in 
this area are velocity measurement using the cross-
correlation technique [1] or spatial filtering method 
[2], mass flow rate in direct method [3], 

concentration profile-map utilizing process 
tomography method [4], and particle mean-size 
measurement [5] are some studies to reveal the 
electrostatic sensor capabilities. 

Electrostatic sensor consists of two main parts, 
sensor electrode and signal conditioning circuit. The 
electrode depends on application can get a different 
shapes include ring electrode, pin electrode and plate 
electrode. The ring electrode has been studied by 
Gajewski [6, 7] and Yan et al. [1] to model the 
electrode and measure the sensor bandwidth and 
amount of detected electrical charge in a pipeline. Pin 
electrode and plate electrode modelled by KrabiKa et 
al. [8] and Rahmat et al. [9] Respectively to find the 
characteristics of the electrodes. 

Article number P_1240 

http://www.sensorsportal.com


Sensors & Transducers, Vol. 153, Issue 6, June 2013, pp. 200-208 

 201

A typically signal conditioning circuit for 
electrostatic sensor consists of a signal collector and 
a signal amplifier. The signal conditioning circuit for 
electrostatic sensor is dealing with a random and a 
very small range of electric charge fluctuations. In a 
pipeline with a mass flow rate between 0.3-3 kg/s 

electric charge density is about 
7 310 10 ( / )C kg  [1] where the current would be 

less the 3mA and for a single particle it would be 
about few Nano ampere [10]. In that condition, due to 
the high amplification requirement, the noise analysis 
is very important to be taken into account in circuit 
design. Furthermore, the electrostatic sensor output is 
extremely sensitive to extrinsic noise. An 
electromagnetic field from an AC power line near the 
sensor easily can be detected by sensor electrode and 
amplified by the signal conditioning circuit that can 
drown and damage the desired signal from the 
electrostatic charge source. The amplification gain of 
the signal conditioning circuit design depends on the 
amount of the electric charge in the pipeline or 
particle and the electrode dimension. A sensor that 
designed to detect small electric charges on a single 
particle can go into saturation in a particle flow 
conveyor due to higher levels of electrical charge in 
the pipeline. 

In this study, a signal conditioning circuit is 
designed to collect and amplify the induced 
electrostatic noise from a single particle to the sensor 
electrode. The design is followed by detailed 
explanations for each step and possible noise 
measurement using Multisim simulator. To collect 
the electric charge fluctuation a current-to-voltage 
transducer is applied using an operational amplifier. 
A low-noise instrumentation amplifier is used as the 
second stage to amplify the collected signal from the 
electrode. To keep the sensor safe from the 
electromagnetic field noise produced by electric 
power line a double supply source from a 9-volt 
battery is provided by utilizing a voltage converter 
circuit. The circuit is tested using ring electrode to 
verify the expected results. 

 
 

2. Electrostatic Noise Collector 
 
The signal conditioning circuit design for 

electrostatic sensor starts with designing the electric 
charge collector. When a charged particle passes 
through a ring electrode or near a pin electrode, it 
induces some amount of electric charge into the 
electrode. This electric charge either can be collected 
as the original shape of electrostatic noise using a 
capacitor, or it can be collected as voltage or current 
using a resistor. Fig. 1 shows a particle passing near 
an electrode and the output signal shape. When the 
particle reaches to the electrode detecting area and 
passes through that area, it leaves a peak-shape 
output signal due to charging and discharging process 
of the capacitor. The output voltage is a function of 
the induced charge to the electrode, and it is equal to: 

 q
V

C


 , (1) 

 
where q  is the induced charge on the electrode in 

Coulomb and C is the capacitance of the capacitor in 
Farad. 

 
 

 
 

Fig. 1. Electrostatic noise collector using a capacitor. 
 
 

In the second method, a resistor is used to convert 
the induced electric current to a voltage signal. The 
electric current is shaped as the rate of electric charge 
on the surface of the electrode that can be represented 
as Equation 2: 
 

 dq
i

dt


 , (2) 

 
Passing the electrical current on resistor forms the 

RI voltage on resistor as it's depicted in Fig. 2. In the 
other word, the output signal in Fig. 2 can be formed 
by derivation of the output signal of the circuit  
in Fig. 1. 
 
 

 
 

Fig. 2. Electrostatic charge noise collector circuit  
using a single resistor. 

 
 

In a measurement system, the electric current 
could be converted into voltage in two methods. In 
the first method, a resistor is used to convert the 
electric current into the voltage as it showed in Fig. 2. 
The second method uses an operational amplifier 
where the electric current is injected into the 
summing node of the Op-Amp as it has shown  
in Fig. 3  

Using the Current-to-voltage circuit in Fig. 3 is 
more desirable to collect and amplify the electrostatic 
noise. Since, using a resistor as it shown in Fig. 2, 
will insert a resistor in measuring system and causes 
the relative error. Furthermore, the resistor increases 
the offset voltage in the amplifier [11]. 
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Fig. 3. Applying current-to-voltage converter to observe 
the electric charge fluctuation. 

 
 

3. Circuit Design 
 

3.1. The Electrode’s Equivalent Circuit 
Model 

 
To design the signal conditioning circuit, it is 

required to model the physical form of charged 
particle and electrode to its equivalent electrical 
circuit. The electrostatic sensor was modeled by 
Gajewski 1999 [10], as a three branch circuit, which 
is shown in Fig. 4. This model represents the relation 
between charged particle with the sensor electrode in 
reference to the ground. Branch 1-3 in this model 
represents the charged particle as a current generator 
i13(t) with the relative capacitive and resistive 
coupling of source to the ground. The capacitive and 
resistive coupling between particle surface and 
electrode wall represented as the circuit in branch  
1-2. The circuit branch 2-3 represents the electrode’s 
capacitive and resistive coupling in reference to the 
ground. 
 
 

 
 

Fig. 4. Gajewski model of electrostatic sensor. 
 
 

Gajewski used a metal earthed screen to protect 
the electrode from extrinsic environmental induction. 
Since the screen is not used in this paper the coupling 
resistance and Capacitance do not shape the 1-3 and 
2-3 branches. The resistor in the branch 2-3 has a 
very high value of resistance where Gajewski [10] in 
his research suggested it a value of at least 1 TΩ. To 
have a simple model the resistor can be assumed to 
be open circuit. With that assumption, the new model 
of the charged particle and electrode can be descried 

as a current source and its equivalent coupling 
capacitor, which is shown in Fig. 5. The equivalent 
capacitance for Cs is equal to C12 which highly 
depends on the geometrical size of electrode area and 
distance between charged particle and electrode 
surface. 

The current source model for the sensor describes 
the sensor as a high output impedance device. 

 
 

 
 

Fig. 5. The equivalent circuit model for the electrode. 
 
 

3.2. The Signal Conditioning Circuit 
 

To design the electric charge noise collector, a 
current-to-voltage converter is used in conjunction 
with the sensor’s circuit model as it has shown in  
Fig. 6. In this circuit, the resistor Rf is used in parallel 
with the capacitor Cf in the feedback line to control 
the gain and frequency bandwidth. The value of the 
resistor Rf in the feedback loop determines the gain of 
the amplification which results the Rf.Is (Volt) signal 
at the output. 
 
 

Vout

Sensor Model

Amplifier Model

Is

Rf

Cs

Cf

 
 

Fig. 6. Signal conditioning circuit for electrostatic sensor. 
 
 

The cutoff frequency of the circuit can be  
given as: 
 

 1

2c
f f

f
R C

 , (3) 
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The resistor Rf biases the amplifier’s gain. The 
capacitor Cf is open in low frequencies and current 
passes through Rf. In the frequency higher than fc the 
Cf is dominant and efficiently reduces the output 
gain. The value of the both feedback capacitor and 
feedback resistor can affect the amplifier frequency 
bandwidth. The resistor Rf is selected in a way that it 
produces the interested gain for the circuit; so, the 
bandwidth would be adjusted by selecting the 
suitable feedback capacitor. 

The previous researches showed that, the 
electrostatic sensor electrode acts as a low-pass filter 
where a typical ring electrode which examined by  
C. Xu et al. [12, 13] didn’t show to pass the 
frequency components more than 300 Hz. While the 
sensor electrode acts as a low-pass filter, it seems it is 
unnecessary to have a feedback capacitor in amplifier 
to filter the high frequencies. The point is, in actual 
applications of electrostatic sensor, for instance, 
when an electrode installed in a conveyor, the high-
frequency noises may impose into the circuit from 
conveyor's or the pipe’s vibration. It gets important, 
especially when the electrode is installed as an 
intrusive component; the direct impact of particle to 
the electrode imposes piezoelectricity noise into the 
circuit. The effect of piezoelectricity noise can be 
reduced by using the filtering circuit in the amplifier. 
Furthermore the noise magnitude produced by circuit 
component can be reduced effectively using a low 
pass filter. 

One limitation of using the resistor in the 
feedback path is the biasing current. In the amplifier, 
the flow of the input-bias-current through the 
feedback resistor creates an output voltage offset. It 
can be reduced by selecting a very low input bias 
current amplifier. In addition, as it is shown in Fig. 7, 
the same value of the resistor and capacitor can be 
used in positive input of the Op-Amp to prevent any 
possible offset voltage from amplification. 

The amount of electric charge on the surface of a 
moving particle in a pipeline is not predictable. 
Particles due to different material type, density, size 
and random impact or friction to pipe wall or to other 
particles can get different ranges of electric charge. 

One drawback of the aforementioned signal 
conditioning circuit for electrostatic sensor is that the 
sensor gain is fixed value. If it's supposed to use the 
sensor to detect the higher level of the electric 
charge, the output signal range goes to saturation. To 
solve this, it is suggested an adjustable-gain amplifier 
to be used as a second stage of amplification. The 
amplification gain of the first stage should be 
designed to amplify the highest available level of the 
electrostatic noise in the pipeline to an interested 
level. Then after, for lower ranges of the electrostatic 
noises, the second amplifier with adjustable gain 
capability will be applied to amplify the output of the 
first stage to a level of interest. 

In the circuit shown in Fig. 7, an instrumentation 
amplifier is added to the signal conditioning circuit to 
able the circuit to be used for a wider range of 
electrostatic noise detection and amplification. Triple 
Op-Amp topology for instrumentation amplifier, in 
Fig. 7 is an integrated circuit with three Op-Amp and 
several resistors. Instrumentation amplifier amplifies 
the electric potential difference between its two 
inputs. It has a high common mode rejection, low 
output offset and high input impedance [14]. The first 
two integrated Op-Amps of the instrumentation 
amplifier provide voltage gain as a non-inverting 
amplifier and the last Op-Amp is a unity gain 
amplifier where in its integrated circuit R1=R2, and 
R3=R4=R5=R6. The most advantage of the 
instrumentation amplifier is its gain adjusting design. 
The gain can be adjusted only with a single external 
resistor RG using the following equation. 
 

 12
1Ins

G

R
Gain

R
  , (4) 

 
The total gain of the signal conditioning circuit 

would be the multiplication of the gain in two stages, 
which is: 
 

 12
(1 ). f

G

R
Gain R

R
  , (5) 

 
 

 
 

Fig. 7. Signal conditioning circuit for electrostatic sensor with two amplification stages. 
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4. Simulation Results 
 

The signal conditioning circuit is simulated with 
the Multisim simulator to investigate the circuit for 
its frequency bandwidth and gain. Fig. 8 shows the 
signal conditioning circuit with the selected circuit 
component in Multisim. 

A 5 nA current source with 200 Hz frequency is 
selected for the electrode’s circuit model. The 
capacitance of the electrode model is assumed to be 
100 pF. The selected values for electrode model are 
chosen to be close with proposed values in 
Gajewski's model [10]. A 20 MΩ resistor and a 10 pF 

capacitor are chosen for feedback resistor R1 and 
feedback capacitor C1. To compensate the effect of 
bias current the same value component in the 
feedback loop connected the non-inverting input of 
the Op-Amp to the ground. As it mentioned, the 
circuit model of the electrode is a high-output 
impedance source. To maximize the power transfer 
between the electrode and signal conditioning circuit 
a high input impedance FET amplifier, OPA2604 is 
chosen for signal collecting stage [15]. The OPA2604 
amplifier is a low distortion, low noise, FET-input 
Op-Amp with input impedance of 1012||8 (Ω||pF). 
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Fig. 8. The schematic of signal conditioning circuit in Multisim simulator. 

 
 

In the next part, a high-accuracy instrumentation 
amplifier AMP02 is used as a second and adjustable 
amplifier. The AMP02 has a low offset voltage of 
maximum 100 µV, and it has a gain equation 
accuracy of 0.5 % [16]. The gain equation for this 
amplifier is given as: 
 

 50
( ) 1

( ) ( )
out

inst
G

V k
Gain

IN IN R


  

  
, (6) 

 

To prevent the saturation in the output voltage 
range, an 800 Ω resistor R3 is used in series with a  
50 kΩ potentiometer R4. The RG in Equation 6 is 
equal to R3+R4 is provided to adjust the output 
voltage in the level of interest. The gain of the signal 
collector is equal to the value of the R1 or 620 10 . 
From Equation 6 and values of RG, the gain of the 
instrumentation amplifier changes from 1.98 when 
the potentiometer is set in maximum range to 63.5 
when the potentiometer is adjusted to Zero. The total 
gain range of the proposed signal conditioning circuit 
can be given by multiplication of these two stages 
that is an adjustable value from 639.6 10 to 

61270 10 . 

From Equation 3, the frequency bandwidth of the 
circuit is determined by feedback resistor R1 and 
feedback capacitor C1. It is equal to 796 Hz, and it 
seems to be a suitable bandwidth for electrostatic 
sensor where the higher frequency electrostatic noise 
is not expected. The frequency response of the circuit 
is provided using an AC analysis in Multisim is 
shown in Fig. 9. It verifies the calculated gain and 
bandwidth of the system when the circuit is adjusted 
for the maximum gain. 

The power supply for the circuit is selected to be 
±9 Volt. From Multisim simulator results, this range 
of power supply is let the output signal to swing 
between a ranges of ±7 Volt in a 10 kΩ output load. 
The circuit in maximum amplification gain amplifies 
the 5 nA of the source signal peak to a voltage signal 
with a magnitude of 6.35 Volt. It shows that, the 
output signal magnitude at any gain exists between 
swing ranges of the output voltage. In high gains, 
some particles induce electrostatic noise that leads to 
saturation in the output signal level. Simply adjusting 
the gain to a lower level can bring back the signal 
into the desired range. 
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Fig. 9. The Gain versus frequency of the signal conditioning circuit. 
 
 
5. Noise Observation 

 
Noise is an electrical or electromagnetic energy 

that can damage the main signal. Thermal noise, Shot 
noise and Flicker noise are three main noises that can 
be contributed from resistors and semiconductor to 
the circuit. The noise investigation using the 
Multisim simulator will give a vision to the noise 
contribution from each component and as well as the 
filtering design efficiency. To investigate the noise, 
gain is adjusted to its maximum level where the noise 
is amplified with the signal to its highest level as 
well. The potentiometer is adjusted to Zero and R1, R2 
and R3 are investigated as the main intrinsic noise 

source for the circuit. Fig. 10 shows the noise 
spectrums of the total output noise of the circuit and 
the output noise from three mentioned resistors.  

The noise spectrums in Fig. 10 show a great 
amplitude reduction on 800 Hz which is equal to the 
circuit’s cutoff frequency. The circuit total noise 
magnitude reduces when the gain is adjusted in lower 
level using the potentiometer. Both Op-Amps in the 
circuit are considered as a low-noise amplifier. From 
the component data sheet [15, 16], the OPA2604 has 

the input noise of 11 /nV Hz  at 1 kHz and 

AMP02 has 10 /nV Hz  noise at the same 
frequency at gain 100. 

 
 

 
 

Fig. 10. The purple curve indicates the total output noise spectrum and red, green and blue curves  
are indication of noise spectrum from R1, R2 and R3 respectively. 

 
 
6. Extrinsic Noise 

 
The electrode of the electrostatic sensor acts as an 

antenna that can detect any electric fields in its 
detecting area, including unwanted fields from 
environmental sources. The sensor amplifies 
unwanted extrinsic noises along with the main signal 
which causes the interested output signal is damaged 
or totally drown by unwanted extrinsic noise. One of 
the most extrinsic noise problems can be imposed 
from a 50 Hz or 60 Hz power supply. This kind of 
noise can’t be eliminated using a low-pass filter 

because its frequency coincides with the range of the 
desired signal’s frequency which is from 0 to almost 
250 Hz. This phenomenon would be the drawback of 
the using the electrostatic sensor as a measurement 
system when it is supposed to work near other 
electric devices. Fig. 11 is the output of the 
electrostatic sensor shown in Fig. 13 when it works 
near a 220 Volt 50 Hz power line. The 50 Hz peak 
shown in power spectrum density of the output 
voltage in Fig. 11 clearly indicates the source of this 
noise. 
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Fig. 11. Frequency spectrum in the top and output signal of the sensor in presence of 50Hz extrinsic noise induction. 
 
 

In most researches related to the electrostatic 
sensor a metal earthed screen is proposed to protect 
the electrode from detection of environmental electric 
field’s sources [3, 13]. However, adding a screen to 
cover the whole electrode and signal conditioning is a 
cumbersome structure and there is no guarantee that 
it can cover the whole induction from outside of the 
ring. In this paper, a voltage converter is used to 
provide a dual supply of ±9 Volt from a single 9-Volt 
battery for circuit amplifiers, as it depicted in Fig. 12. 
 
 

 
 

Fig. 12. 9 Volt dual power supply circuit using ICL7660 
voltage converter. 

 
 

The power supply using battery keeps safe the 
electrode from detection of the ac field from an AC-
to-DC power supply. The proposed signal condition 
circuit in this paper is used for the electrostatic sensor 
design shown in Fig. 13. In the sensor, the output1 is 

provided for signal measuring after signal collector 
amplifier and output2 is the output of the sensor after 
the instrumentation amplifier. The sensor has a ring 
electrode with the diameter of 55.6 mm, 20 mm of 
axial length and 3 mm thickness. 
 
 

 
 

Fig. 13. The electrostatic sensor designed according 
proposed signal conditioning circuit. 

 
 

The output investigation of the sensor in Fig. 13 
shows the electrode can detect the power supply’s 
electric field about 1.5 meters far from the electrode, 
for instance, while data collecting using a data-
acquisition card with a laptop it is recommended the 
laptop is driven with its battery. The Fig. 14 shows a 
low noise signal from the sensor output when it’s 
kept far from any AC power supply. As it depicted in 
Fig. 14 in comparison to Fig. 11 the frequency 
spectrum doesn’t show any magnitude at 50 Hz and 
output voltage signal apparently is smooth and 
noiseless. 

 



Sensors & Transducers, Vol. 153, Issue 6, June 2013, pp. 200-208 

 207

 
 

Fig. 14. Frequency spectrum in the top and output signal of the sensor in a noiseless environment. 
 
 
7. Conclusion 

 
A signal conditioning circuit is designed to collect 

and amplify the electrostatic noise from the 
electrostatic sensor electrode. The design was 
involved two stages of amplification where one of the 
stages has an adjustable gain. A circuit model for 
sensor electrode is proposed to be used for circuit 
simulation. The total gain of the circuit can amplify a 
5nA source signal to a voltage signal from 0.2 to 6.35 
Volt between a frequency bandwidth of about 800Hz. 
The bandwidth of the circuit is designed to filter the 
noise at high frequencies. The noise at high 
frequencies can be imposed from electronics 
component or through particles' impact to the 
electrode. However, the low frequency 50Hz 
extrinsic noise from an AC power supply electric 
field can be detected and amplified along with the 
main signal. A battery power supply is proposed to 
isolate the circuit from the AC electric field. The 
circuit is designed and tested with a ring electrode, 
and the results showed the output signal at the 
expected level with the least noise interference. 
 
 
Acknowledgements 
 

This research is supported by the Ministry of 
Higher Education Malaysia and Universiti Teknologi 
Malaysia (UTM) through GUP TIER1 Grant 
QJ130000.2523.02H73. The authors are grateful for 
supporting the present work. 
 
 

References 
 
[1]. Y. Yan, B. Byrne, S. Woodhead and J. Coulthard, 

Velocity measurement of pneumatically conveyed 
solids using electrodynamic sensors, Measurement 
Science and Technology, Vol. 6, 1995, p. 515. 

[2]. C. Xu, S. Wang, and Y. Yan, Spatial selectivity of 
linear electrostatic sensor arrays, in Proceedings of 
the IEEE Instrumentation and Measurement 
Technology Conference (I2MTC), 2011, pp. 1-5. 

[3]. J. B. Gajewski, Electrostatic flow probe and 
measuring system calibration for solids mass flow 
rate measurement, Journal of Electrostatics, Vol. 45, 
1999, pp. 255-264. 

[4]. M. F. A. Rahmat, M. D. Isa, R. A. Rahim, and T. A. 
R. Hussin, Electrodynamics Sensor for the Image 
Reconstruction Process in an Electrical Charge 
Tomography System, Sensors, Vol. 9, 2009,  
pp. 10291-10308. 

[5]. J. Q. Zhang and Y. Yan, On-line continuous 
measurement of particle size using electrostatic 
sensors, in Powder Technology, 2003, pp. 164-168. 

[6]. J. B. Gajewski, Continuous non-contact measurement 
of electric charges of solid particles in pipes of 
pneumatic transport. I. Physical and mathematical 
models of a method, in Proceedings of the Industry 
Applications Society Annual Meeting, Conference 
Record of the 1989 IEEE, Vol. 2, 1989,  
pp. 1958-1963. 

[7]. J. B. Gajewski, Electrostatic, inductive ring probe 
bandwidth, Measurement Science and Technology, 
Vol. 7, 1996, p. 1766. 

[8]. J. Krabicka and Y. Yong, Finite-Element Modeling of 
Electrostatic Sensors for the Flow Measurement of 
Particles in Pneumatic Pipelines, IEEE Transactions 
on Instrumentation and Measurement, Vol. 58, 2009, 
pp. 2730-2736. 



Sensors & Transducers, Vol. 153, Issue 6, June 2013, pp. 200-208 

 208 

[9]. M. F. Rahmat, I. T. Thuku, T. Tajdari, K. Jusoff, and 
M. R. Ghazali, Sensing and filtering characteristics of 
electrostatic sensors for pneumatically conveyed 
particles, International Journal of the Physical 
Sciences, Vol. 6, 22, 2011, pp. 5091-5103. 

[10]. J. B. Gajewski, Non-intrusive solids charge and mass 
flow measurements with an electrostatic flow probe, 
Journal of Electrostatics, Vol. 46, 1999, pp. 271-284. 

[11]. T. Instruments, An Applications Guide for Op Amps, 
N. S. Corporation, 2009, pp. 1-15. 

[12]. J. B. Gajewski, Static characteristics of an 
electrostatic flow probe, Journal of Electrostatics, 
Vol. 48, 1999, pp. 49-64. 

[13]. C. Xu, S. Wang, G. Tang, D. Yang, and B. Zhou, 
Sensing characteristics of electrostatic inductive 
sensor for flow parameters measurement of 
pneumatically conveyed particles, Journal of 
Electrostatics, Vol. 65, 2007, pp. 582-592. 

[14]. T. L. Floyd, Electronic Devices, ninth edition, 
Prentice Hall, 2012. 

[15]. BURR-BROWN web portal  
(www.burr-brown.com/databook/OPA2604.html) 

[16]. A. Devices web portal (http://www.analog.com). 
 

 

___________________ 
 

2013 Copyright ©, International Frequency Sensor Association (IFSA). All rights reserved. 
(http://www.sensorsportal.com) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

http://www.sensorsportal.com/HTML/BOOKSTORE/Smart_Sensors_and_MEMS.htm
http://www.sensorsportal.com/HTML/BOOKSTORE/Smart_Sensors_and_MEMS.htm


Sensors & Transducers, Vol. 153, Issue 6, June 2013, pp. 209-218 

 209

   
SSSeeennnsssooorrrsss   &&&   TTTrrraaannnsssddduuuccceeerrrsss  

© 2013 by IFSA
http://www.sensorsportal.com   

 
 
 
 
 

A Web Service Interface for a Distributed Measurement 
System Based on Decentralized Sharing Network 

 
1 Fabrizio Ciancetta, 1 Edoardo Fiorucci, 

2 Daniele Gallo, 2 Carmine Landi, 2 Mario Luiso 
1 Dipartimento di Ingegneria Industriale e dell’Informazione e di Economia, Università dell’Aquila 

Via G. Gronchi 18 – Pile, 67100 L’Aquila, Italy 
2 Dipartimento di Ingegneria Industriale e dell’Informazione, Seconda Università degli Studi di Napoli 

Via Roma, 29 - 81031 Aversa (CE), Italy 
Tel.: +39-0815010375, fax: +39-0815037042 

E-mail: 1 {fabrizio.ciancetta, edoardo.fiorucci}@univaq.it,  
2 {daniele.gallo, carmine.landi, mario.luiso}@unina2.it 

 
 

Received: 2 May 2013   /Accepted: 14 June 2013   /Published: 25 June 2013 
 
 
Abstract: The Web Service technology has increased in importance in these years. Accessing to remote 
resources without knowledge about physical implementation and with a reduced hardware requirement is the 
main goal of new portable device. The use of Web Service technology allows clients to create a standard 
interface to access to the measurement service published by the server. In low cost multipoint distributed 
measurement systems, the measurement services are provided by Smart Web Sensors. A new concept of 
distributed measurement system arises from the possibility to fuse all services with the same functionality in a 
single user-transparent service: the response of distributed services network to a user request gives a complete 
vision of the service by collecting results from any Smart Web Sensor in the network. So, in this paper the 
development of a multipoint distributed measurement system, based on the peer-to-peer Gnutella network with 
Web Service interface, is presented. Copyright © 2013 IFSA. 
 
 
Keywords: Smart sensor, Distributed measurement system, Peer-to-peer, Web service, Gnutella. 
 
 
 
1. Introduction 
 

Several applications require a distributed 
measurement system able to measure the same or 
different parameters at different points in a wide area. 
In recent years, a wide variety of solutions have been 
proposed for the remote measurement and data 
transmission.  

Distributed systems based on smart web sensors 
represent the best solution to many different 
measurement problems. By adopting these sensors, a 

client can receive the measure of a particular physical 
quantity with a browser or an application, developed 
to receive information from the web server [1]-[2]. 
Distributed systems can be basically grouped in two 
categories. 

The first, widely adopted, approach is based on a 
number of smart measuring devices, linked with a 
centralized system, a central server keeping a list of 
users and shared resources. The primary advantage of 
centralized systems is their simplicity. Because all 
data is concentrated in one place, centralized systems 
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are easily managed and have no problems of data 
consistency or coherence. During a search, every 
client sends a request to the central server that 
consults its lists providing results of IP user 
addresses. The file downloading happens between the 
two interested users from outside-centralized 
network. So, the server does not keep up any files. 
Each system is an independent server and must be 
selectively interrogated by the clients. The client 
needs to know the server position on the network (IP 
address) before starting the operations.  

The second approach, a decentralized system, is 
always based on a number of smart measuring 
systems, but presents the advantage to make easier 
the interrogation by the clients. This gives more 
extensibility to the network in which any node can 
join the network and instantly make new files 
available to the whole network. Another important 
feature of decentralized networks is that the failure or 
shutdown of any particular node does not influence 
the rest of the system. On the other hand, the intrinsic 
nature of this network gives two problems: the 
difficulties to manage the network because all the 
nodes have the same hierarchic level and the 
possibility to have packet loop that causes useless 
traffic. The user can search all the measurement 
related information available on the network using 
dedicated (special) services. Then he can ask to 
transfer the needed data from one or more measuring 
systems able to carry out the required measurement. 
There is no need to know any information related to 
the server (address list) before starting the search. A 
hybrid schema is also possible combining centralized 
and decentralized systems (Fig. 1). Decentralization 
contributes to the extensibility, fault-tolerance, and 
lawsuit-proofing of the system, while the partial 
centralization makes the system more coherent than a 
purely decentralized system [3].  

 
 

 
 

Fig. 1. Hybrid measurement network. 
 
 
From developer side, smart web sensors present 

always a closed approach to interact with them, so 
Web services are adopted in order to give a standard 

approach in developing a Service Oriented 
Architecture [4]Error! Reference source not 
found.. From network side, Internet is a widely 
adopted network where any user is uniquely 
identified with its IP address. So, to implement a 
distributed measurement system, it is necessary to 
use 1) a common and open communication protocol 
to exchange information and 2) a methodology to 
auto-configure any smart sensor that is linked to the 
network [5]. 

Peer-to-peer networks allow individual computers 
to communicate directly with each other and to share 
information and resources without using specialized 
servers. A common characteristic of this new breed 
of applications is that they build, at the application 
level, a virtual network with its own routing 
mechanisms. The topology of this virtual network 
and the adopted routing mechanisms has a significant 
influence on the application properties such as 
performance and reliability [6]. 

Significant advantages can be gained using a 
freeware and widely adopted technology, such as that 
we adopted, the Gnutella. Our choice has been 
motivated by its large diffusion (more than  
2.2 million users), even if for different kind of 
applications, such as file sharing [7].  

Our aim is to make possible the use of this 
technology to share measurement information 
supplied by smart sensors, instead of files, with the 
same straightforwardness and reduced costs. To 
analyze the performance of this system, a prototype 
for measuring environmental parameters has been 
implemented and discussed in the following. 

 
 

2. The Implemented Distributed 
Architecture 
 
In a wide distributed measurement network, the 

main disadvantages are the difficulties to access 
single data from a Smart Web Sensor and the 
necessity to use proprietary technology to obtain 
information and to communicate through the 
network.  

When a client computer asks for a measurement 
task to network devices, it has to found some 
information: the IP address of the servers that can 
perform the measurement, the list of measurement 
tasks and sensors available, the server geographic 
position and the network routing. 

In our proposal, we adopted the “Web Service” 
that gives a new degree of freedom in developing a 
measurement network, because based on standard 
communication protocol and software interface (see 
Fig. 2). Web Service is the fundamental building 
block in the move to distributed computing on the 
Internet. Open standards and the focus on 
communication and collaboration among people and 
applications have created an environment where Web 
Service is becoming the platform for application 
integration. All Web Service communications are 
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done through messaging mechanism of SOAP 
(Simple Object Access Protocol) that is based on 
XML that is a Standard Generalized Markup 
Language (SGML): a language that facilitates the 
structuring of data in documents. In addition to XML 
documents, information about name and attributes of 
each data element are provided, therefore each client 
can extract, from a message, only the information 
needed. This, of course, gives to users a great deal of 
freedom [8].  

 
 

 
 

Fig. 2. The Web Service Technology. 
 
 

As previously introduced, the proposed 
architecture uses the Gnutella network (see 
Fig. 3Error! Reference source not found.), a 
network that allows linked hosts to share arbitrary 
resources [7]. This is a decentralized P2P system, 
consisting of hosts connected to one another using 
TCP/IP. In this network a client request for a 
measurement application is addressed to a computer 
which performs a particular Web service (Gnutella 
Web Service). This computer uses the Gnutella 
network to search all the users able to perform the 
specific measurement, called Gnutella Embedded 
Clients (GECs) as reported in Fig. 4. The name client 
for GEC is because it is a client of the Gnutella 
network. As shown in Fig. 5, the GEC is revealed by 
common Gnutella sharing software (Phex). 

To execute the user search the request (query 
message) is repeated to all the Gnutella network 

computers (Fig. 6). When the suitable user is found, 
this network sends back the GEC address to the 
client. At this point, the client can download the 
measures directly from the GEC, without overloading 
the Gnutella network [8]. 

 
 

 
 

Fig. 3. The Gnutella Network. 
 
 

In our proposal the measurement points are the 
GECs. Each GEC can perform special measurements 
depending on the kind of sensors embodied. When a 
measurement operation is asked, GEC sends the 
results to the Gnutella Web Service (GWS).  

One of the advantages of the proposed solution is 
the simplification of the activities to search and 
locate the measurement systems (GEC). This network 
creates an Internet over-structure from which all 
clients can perform a free access without external 
configuration and the GECs are visible without 
special operations [9].  

In order to implement this kind of system, a 
special Gnutella Web Service, a kind of interface 
between the client and the Gnutella network, has 
been implemented (Fig. 7). The need for this 
implementation is because the current 
implementations, referring exclusively on files 
sharing, cannot support a measurement process.  

 
 

 
 

Fig. 4. Architecture of the proposed measurement network 
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Fig. 5. GEC presents on the list of Gnutella client in common Gnutella sharing software. 
 
 
 

 
 

Fig. 6. The measurement server search,  
route and download. 

 
 

 
 

Fig. 7. Architecture of the implemented Web Service  
and Operator Interface. 

 

 
3. Web Service TEDS 
 

Interfacing transducers to all communication 
networks and supporting the wide variety of 
protocols is time-consuming and costly for 
manufacturers. To simplify this problem a 
standardized connection methods to interface smart 
transducers to the existing control networking 
technology has been proposed by the IEEE 1451 
family of standards [9]. 

The heart of the IEEE 1451.4 standard is the 
definition of the TEDS (Transducer Electronic Data 
Sheets), the information structure that contains the 
critical sensor information to enable plug-and-play 
operation. The TEDS typically resides in an 
EEPROM embedded in the sensor and is accessed by 
the measurement system via a simple low-cost serial 
interface. 

IEEE 1451.4 defines the TEDS structure to be 
very compact yet flexible and extensible enough to 
handle a wide range of sensor types and 
requirements. The TEDS information is divided into 
several key sections as reported in Fig. 8. 

The first part, the Basic TEDS, contains the 
required sensor identification information, including 
manufacturer, model and serial number. The Basic 
TEDS may be followed by an IEEE standard TEDS 
that contains the specific ‘data sheet’ information – 
typically the data needed to properly configure the 
electrical interface and convert the measurement data 
into engineering units. Typical TEDS parameters 
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include measurement range, electrical output range, 
sensitivity, power requirements and calibration data. 
The standard TEDS section describes everything 
needed to make a measurement using the sensors. 

This standard specifies a collection of TEDS 
formats, defined as templates, for different sensor 
types. The templates provide the means for the 
measurement system to convert the binary data stored 
on a smart TEDS sensor’s EEPROM into meaningful 

specifications. The collection of templates includes 
IEPE (Integrated Electronic Piezo-Electric) 
accelerometers and microphones, IEPE pressure 
sensors, Wheatstone bridge sensors, strain gauges, 
load and force transducers, thermocouples, RTDs, 
thermistors, LVDT/RVDT, resistive sensors and 
amplified sensors (any type) with voltage or current 
output. 

 
 

 
 

Fig. 8. Structure of the IEEE 1451.4 TEDS, with Example Templates for IEPE Accelerometers  
and Bridge-Based Load Cells. 

 
 

The IEEE 1451.4 standard defines a Mixed-Mode 
Interface for Smart Transducers, adding a self-
identification technology to traditional analog-mode 
sensors and actuators to store in TEDS sensor’s 
EEPROM. In some applications the sensor operating 
conditions prevent the use of any electronics, such as 
EEPROMs. For these sensors without EEPROM 
embedded, IEEE 1451.4 contemplates the adoption 

of Virtual TEDS file. A Virtual TEDS file (Fig. 9) is 
a file stored on a local computer or a web-accessible 
database that reports all TEDS information of sensors 
instead of an embedded EEPROM. This enables the 
huge installed base of legacy, analog sensors to 
realize the benefits of TEDS without being retrofitted 
with an embedded EEPROM. 

 
 

 
 

Fig. 9. Virtual TEDS Accessible via a Web Interface. 
 
 

In the proposed network, we save the information 
related to the sensors in a binary file stored on the 

Gnutella Embedded Client Flash memory using the 
structure reported in Fig. 8. We have developed 
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another Web Service that works with the Gnutella 
Web Service to require data information. Using the 
methods exported by this new Web Service, it makes 
possible to receive and to work on TEDS information 
downloaded from the GECs. Moreover, the main 
feature introduced with the new Web Service is 
presented in Fig. 10 in which the Web Service static 
class diagram is reported. The Web Service creates 
new software objects that it allows developers to use 
the TEDS information without knowing the TEDS 
structure and so without parsing the TEDS binary file 

stored on GECs. The main class is the Station1451 
that is a collection of Sensor1451 objects. 

Every object is composed by: a TEDS Basic 
object in which the TEDS Basic information are 
reported, partially in the template objects present in 
the Template package and partially in the calibration 
objects present in the Calibration package. This 
complex structure can be adopted in any Windows 
Form that references the Web Service making easier 
the working on TEDS information. 

 
 

 
 

Fig. 10. Web Service class diagram. 
 
 

4. The Developed Remote Measurement 
System 

 

4.1. The Authentication Problem 
 

Even if the whole system adopts Gnutella 
network to exchange information between GECs and 
GWS, some problems are present for the developing 
of a remote measurement system. During a GWS 
search, all the involved GECs respond to the Web 
Service with the Gnutella packet ([10]) of Fig. 11, 
without specifying if the supplied data have been 
locally generated by a measurement system or 
downloaded from a different client.  

To control if the downloaded file corresponds to 
the right client, we use the HASHID item. Gnutella 
network was developed to allow users to share files. 
So, everyone can access to the services present on the 
GEC for the downloading of measurement 
information. In fact, in GEC the downloading of a 
file corresponds to a creation of a XML streaming, 
reporting the measurement information. 

When a user downloads the file, it makes it 
present in his shared directory, accessible to everyone 
and, in particular, to the GWS during a searching. 
Therefore, the problem is that this information is 
incongruous, so the GWS has to check if the file was 
generated form GEC or not. The HASHID item 
contains a hashing of the IP GEC that generated the 
XML file, using the Message Digest algorithm 5 
(MD5) [11]. Therefore, if the file was downloaded 

from a no GEC client, the hash of Gnutella user IP 
address mismatches with the HASHID item and the 
GWS can rejects the downloaded file. 

Because the GWS knows the GEC IP address and 
the file name matched in the searching, when it 
begins the file downloading out of the Gnutella 
network, the following procedure is applied: 

- Check if the extension file is XML; 
- Check the existence of a HASHID item in the 

XML file; 
Control of the HASHID item. 
 
 

4.2. The Hardware Architecture 
 

In our network the GEC is an embedded system 
able to perform measurement tasks and to 
communicate over the Gnutella network. As reported 
in Fig. 12, it is composed of three sections:  
 Input section: transducer and the signal 

conditioner; 
 Micro controller: data acquisition and 

preprocessing task performed by a dsPic 
microcontroller; 

 Network Embedded System section: processing 
and network front-end in which a micro Gnutella 
kernel has been developed to communicate with 
the Gnutella network using a networking 
embedded system (Fox Board). 
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Fig. 11. Hybrid measurement network. Gnutella response packet during a search. 
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Fig. 12. GEC hardware architecture. 
 
 
Moreover, the GEC generally can locally store the 

measurement results and supply a measurement 
history. In particular the policy chosen is to store any 
new measurement in a database (DB) to allow remote 
access. 

Each new day, all the data accumulated during the 
past day are processed to reduce the DB size. The 
operations performed by the GEC are the evaluation 
of maximum, minimum and average value. Next, 
these values are stored in another DB that keeps the 
history trend. 

To develop the Gnutella Web Service we adopted 
LAMP: an acronym of the technologies that represent 
the open source Internet platform (Linux + Apache + 
MySQL + PHP | Perl | Python). As a multipurpose 
operating system, Linux is used for a wide variety of 
purposes including networking, software 
development, as well as an end-user platform. 
Apache is an implementation of an HTTP server and 
is the principal Web server in use today. MySQL is 
an implementation of a DB server that is known for 
its speed and reliability. PHP is a general-purpose 
scripting language that is particularly suited to 
Internet-based system development and is the most 
widely used Apache module. The implementation of 
GEC is reported in Fig. 13. 
 
 
4.3. The Gnutella Web Service 
 

In order to evaluate the feature of the proposed 
architecture, we implemented a monitoring 
application able to measure atmospheric values, 
developing a remote measurement system (GEC), a 
GWS and a web interface between it and the operator 
(Fig. 7).  
 

 
 

 
 

Fig. 13. GEC hardware implementation. 
 
 

The GWS provides a particular implementation of 
typical Gnutella software, developing an ad-hoc 
Gnutella Search Engine. The results of the searching 
are processed by a PHP script for the responding of a 
SOAP request parsed by NuSOAP class. The GWS 
exports some methods to allow the user to access the 
Gnutella network. The methods are specifically 
developed for a measurement application; in 
particular the exported methods are: 
 GetStations: to obtain information about the 

stations present in a limited geographic area 
defined by GPS coordinates, in order to restrict 
the searching. The output of the method gives an 
array of stations in which everyone reports the 
station name, the GPS position, the service list, 
other generic information and its HASHID. 

 GetCurrentData: the user calls the method 
passing the HASHID of the remote station and the 
service request to obtain the current data. 

 GetHistoryData: is similar to GetCurrentData, 
but is to access stored DB data.  
The Gnutella network is time consuming during 

the searching. In order to reduce this time, we 
adopted a caching system: at the end of a search, the 
authenticated stations are cached and their IP address 
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stored in a DB for a limited period. Therefore, to 
obtain some information from a particular station, it 
is not necessary to start a new search, but it is 
possible to directly perform the download. 

 
 

4.4. The Web User Interface 
 

The web user interface has been implemented as a 
XHTM page that sends a request to Web Service and 
displays the results using Google Map (Fig. 14). 

 
 

 
 

Fig. 14. Screenshot of web user interface. 
 
 
The web user interface gives a more degree of 

freedom of the whole system, allowing the user to 
access measurement information directly with a 
common browser. It uses Ajax (Asynchronous 
JavaScript and XML) technology to create interactive 
web applications. 

The XHTML page sends asynchronous requests 
to the Web Service and installs a callback function on 
the XMLHttpRequest. All the management of the 
function is done in JavaScript. To interface the 
XHTML-JavaScript page with GWS, we adopted a 
SOAP client: a JavaScript class able to receive/create 
XML data form XHTML page and create/receive 
SOAP packet to GWS. 

In particular, on the remote station we 
implemented the services: temperature, humidity, 
pressure, wind direction and speed as shown in the 
Google Map Balloon accessible directly on the map. 

 
 

5. Results 
 

In Fig. 7 we reported the structure of the Gnutella 
Web Service (the interface to Gnutella network) and 
in Fig. 14 the web user interface of the system. To 
provide a more powerful mode to represent data from 
Gnutella Embedded Client, we developed a Windows 

Form user interface. Based on Framework .NET 2.0, 
the user interface is divided in two parts: the first 
part, placed on the right side of the Windows Form, 
in which the user can: i) list the GECs present in the 
geographic area limited by the GPS coordinates; ii) 
select a station, looking at the available services and 
its GPS coordinates; iii) see a geographic view of all 
the station involved in the search. 

On the left Windows Form side there are two 
panels, reporting the downloaded data. In the Current 
Data Panel (Fig. 15) we have a current view of the 
station with the last stored data acquired by the 
Gnutella Embedded Client and a graphical view of all 
the data of the current day from the 0:00 to the 
current hour retrieved from the GEC DB. In the 
History Data Panel (Fig. 16) we can perform a direct 
access to the Gnutella Embedded Client DB, 
downloading the data. In this example, we reported 
temperature and wind speed. All data are accessible 
directly to the GEC, without passing through 
Gnutella network to reduce the traffic. In order to 
reduce space there are two DB: one for the values 
accumulated during the day and another for an 
historical trend of the measurements. 

 
 

6. Conclusions 
 

In this paper, a peer-to-peer distributed system for 
multipoint measurements is presented. The system 
uses the Gnutella network to route the information 
through the embedded client. These clients access to 
Gnutella network too, so they embody a micro kernel 
Gnutella to receive/send Gnutella packets. The 
distributed architecture adopts a Web Service to 
interface the Gnutella network with the users, so the 
adopted communication protocol (SOAP) is standard 
and allows a more degree of freedom of the whole 
system. 

The particular application chosen to test the 
architecture is a weather monitoring station. 

Two GECs have been developed with 
temperature, humidity, pressure, wind speed and 
direction sensors. One is placed at the University of 
L’Aquila and the other at the Second University of 
Naples. The GECs embody a local DB to store 
measurement trends. We developed a user interface 
to access the distributed architecture with a VB.NET 
Windows Form, using the Framework .NET 2.0. 

The first obtained results show that the whole 
system is able to exchange information with GECs 
and to access the local DBs. 

Further works will be oriented to measure the 
system performance such as the required searching 
time and the data transfer time. 
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Fig. 15. Windows Form Current Data Panel. 
 

 
 

Fig. 16. Windows Form History Data Panel. 
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Abstract: Utilizing optical Fiber Bragg Grating’s (FBG) characteristic of transmission optic signals in non-
contact way, the measure method of the twisted, variable cross-section, variable thickness, rotating rectangular 
blade’s local strain has been presented. Firstly, by using the finite element method to obtain the rotating blade’s 
natural frequency, modal shape and strain modal shape, the mounting location of the FBG on the rotating blade 
is determined; secondly, using optical fiber non-contact transmission device, the rotating blade’s dynamic strain 
in different locations can be measured by FBG. In this paper, the author only analyzed the frequency, amplitude 
and the dynamic stiffening phenomenon of dynamic strain at one point in rotating state. Finally, the author 
points out that this method can effectively measure rotating blade’s dynamic strain and dynamic response, by 
result analysis, roatating blade worth further researching. Copyright © 2013 IFSA. 
 
Keywords: Rotating blade, FBG, Dynamic strain, Non-contact, Strain. 
 

 
 
1. Introduction 
 

In aviation or steam turbine industry, the blade is 
the core component of equipment for function 
transforming. During operation, the force on the 
blade is more complex, which includes rotating 
centrifugal force, fluid exciting force, coupling force 
between blade-fluid and blade-blade. Under the 
composite effect of these forces, the blade begin 
distortion, bending deformation and bear enormous 
stress, which eventually led to the structure’s fatigue 
damage and failure. At the same time, in effect of 
these force, the dynamic characteristics of blade also 
change, such as under the centrifugal force, rotating 
blade’s bending natural frequency will be greatly 
increased (Dynamic Stiffening) [1, 2], in effect of 
Coriolis acceleration, the different vibration models 
will be coupling together and produce complex 

vibration model. Thus, the measurement and analysis 
of rotating blade’s strain is important to improve 
blade reliability and service life. From dynamic strain 
point of view, to study the dynamic characteristics of 
the rotating blades, to research the blade’s stress and 
strain response in the condition of fluid incentive, are 
all important in blade design, manufacturing stage 
and of great significance to prevent flutter 
phenomenon and blade’s destructive fracture.  

In generally study, the researchers usually 
simplify the blade to beam, early researchers such as 
Southwell and Gough (1921) studied the vibration of 
the rotating beam [3]. They proposed a simple 
equation set to calculate bending natural frequency of 
rotating beam by application of Rayleigh energy 
theory, the equation is general called Southwell 
equation and still is widely used. Later, Schilhansl 
improved the method by Southwell [4], he deduced 
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the rotating beam’s partial differential equation and 
applied the Ritz method in order to obtain more 
accurate solution. In recent years, with the 
development of computer technology, researchers 
can use complex numerical calculation and more 
accurately calculate the natural frequency, natural 
model etc. [5-7] of beams. 

Although beam can be used as a good model of 
rotating blade, such model is inaccurate for 
investigation of higher frequencies and for modelling 
of short-wide blades. Therefore, researchers 
introduced the rotating plate model, for more 
accurate calculation of the blade’s natural frequencies 
and model shape. By using the finite element method, 
Dokainish and Rawtani calculated rotating cantilever 
plate natural frequencies and modal shape mounted 
on a disc(1971) [8], they studied effect of the aspect 
ratio, disc radio and setting angle on the natural 
frequencies, but didn’t consider the gyro effect and 
Coriolis effect. Karmakar and Sinha also used finite 
element method to study the rotation laminated 
composite pre-twisted cantilever plate’s 
characteristics [9], they considered the effect of pre-
twist angle, the thickness ratio, the fiber orientation 
on natural frequencies of plate. Ramamurti and Kielb 
[10], Yoo and Kim [11], Yoo and Pierre [12] studied 
the cantilever beam’s vibration characteristics. 

In work environment, the load, stress/ strain and 
the dynamic response at one point of blade are quite 
different from the calculation results; in this case, the 
measurement is significant, but the strain of rotating 
blades is often very difficult to be directly measured. 
The biggest difficulty lies in the signal transmission 
between rotating blades and the still measuring 
instrument. The existing transmission methods 
include the strain gauge–slip ring method, the strain 
gauge–telemetry method, FBG–fibre optic rotary 
joints method, FBG–collimator method. Literature 
[13] used the strain gauge-electricity slipping method 
to measure the rotating blade’s strain of steam turbine 
and compressor, signal transmission from the 
stationary unit (brush) to the rotating unit (the 
armature). 

Literature [14, 21] used strain gauge–telemetry 
method to measure the rotating part’s strain, due to 
the added mass, the speed is not very high, but the 
transmission distance can amount to thousands of 
kilometers. Whether the slip ring or telemetry method 
, both facing the same problem in the measurement of 
rotating machinery–the strain response of the 
vibration will change with exciting source, therefore, 
distributed measurement is needed, as two wires are 
required for each strain gauge, these wires will lead 
to the difficulty of dynamic balance. As a new type of 
sensor device, optical fiber Bragg grating (FBG) 
features small volume, integration of sensing and 
transmission, explosion-proof, fire-proof, 
electromagnetic interference resistance, easy 
constitution of FBG intelligent sensing network by 
adoption of wavelength division multiplex, time 
division multiplex and interval multiplex technology, 
and has attracted more attention [16-17]. Usage of 

FBG for equipment strain measurement can solve 
problems such as remote data transmission, 
electromagnetic interference resistance and 
distributive measurement, and requirements on strain 
gauge mounting technique are substantially lower. 
Main methods used in FBG dynamic stress 
measurement are optical fiber slip ring method and 
optical fiber–collimator method, optical fiber slip 
ring method is to place two pieces of optical fiber in 
one thin pipe, in which one piece of optical fiber 
rotates with rotating component, the other piece of 
optical fiber stands still, optical signal is transmitted 
from the end of rotating optical fiber, and enters 
stationary optical fiber through air, thus signal 
transmission is realized, the disadvantage of this 
method is that optical fiber is controlled and aligned 
through the thin pipe, but the friction between pipe 
wall and optical fiber causes low rotation speed, 
normally lower than 2000 rpm. Literature [18] has 
researched measurement of rotating component stress 
through FBG–optical fiber slip ring, with its rotation 
speed is lower than 2000 r/m. 

In this paper, the author use FBG/C-Lens method 
to measure the cantilever blade dynamic strain, with 
similar theory as that of Literature [18]. By mounting 
eight FBG on two distortion/variable cross-
section/variable thickness/rotating rectangular blade 
surfaces, dynamic strain change of cantilever beam at 
77 ~ 847 RPM is measured. This paper analyzes 
dynamic strain, dynamic frequency and dynamic 
stiffening phenomenon of one point, the analysis of 
multi-point dynamic strain will be present in future 
paper. 

 
 

2. Measuring Principle 
 
2.1. Strain Measurement Using FBG Sensors 
 

A FBG is composed of periodic changes of the 
refractive index that are formed by the exposure to an 
intense UV interference pattern in the core of an 
optical fiber. When light from a broad band source 
interact with the grating, a single wavelength, know 
as Bragg wave length, is reflected back while rest of 
the signal is transmitted. A FBG shows sensitivity to 
strain and temperature changes. The Bragg condition 
is expressed as:  

 

B =2 effn   (1) 

 
If the grating is exposed to external perturbations, 

such as strain and temperature, the Bragg wavelength 
will change. By measuring the wavelength change 
accurately, the physical properties, such as strain and 
temperature, can be measured. The shift of a Bragg 
wavelength due to strain and temperature and 
pressure can be expressed as: 

 

B Ta a T     , (2) 
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where a is the strain sensitivity coefficient, aT is the 
temperature sensitivity coefficient, With the 
assumption of no pressure change and no temperature 
change, we can measure the strain from wavelength 
shift as: 

 

B a    (3) 

 
 

2.2. Working Principle of Noncontact Optical 
Signal Transmission 

 
Fig. 1 shows the working principle of the non-

contact optical signal transmission. Broadband light 
emitted from a light source propagates along an 
optical fiber, the C-lenses change the light in the fiber 
to collimated beam of parallel light, and collimation 
light transmit between air gap, then, the optical signal 
could transmit between stationary part and rotating 
part.  

 
 

 
 

Fig. 1. Working principle for rotary optic  
signal transmission. 

 
 

3. Simulation 
 

This section presents the simulation result based 
on the ANSYS. The plate’s physical properties and 
Mechanical properties are shown in Table 1. The 3d 
geometric model is complete in Pro-e. The boundary 
value is that the displacement of the surface of tenon 
is 0 mm. 

 
 

Table 1. The physical and mechanical properties  
of the beam. 

 
Physical properties Mechanical properties 

Density 2.75 g/cm3 
Young 
Modulus 

70.6 GPa 

Thickness 6 mm 
Poisson 
Ratio 

26.5 GPa 

Length 305 mm   
Width 25 mm   

 
 
Select 20 node95 units and mesh the geometric 

model, full finite element model of the bladed 
comprises about 15000 DOFs. By using this model, 
the natural frequency and model shape are obtained, 
Figs. 2, 4 show 1st and 2nd natural model shape of 
blade, Figs. 3, 5 show the 1st and 2nd natural strain 
model of blade. The 1st natural frequency is 219 Hz, 

far beyond the maximum operational frequency  
28 Hz, therefore, only consider 1st model shape. By 
comparing the magnitudes of the 1st natural strain 
model, the location of FBG can be established. As 
shown in Fig. 6, four FBG are mounted on the 
surface of the blade, the other four FBG are mounted 
on the same location of other blade. 

 
 

 
 

Fig. 2. The first mode shape of blade. 
 
 

 
 

Fig. 3. The first strain mode shape of blade. 
 
 

 
 

Fig. 4. The second mode shape of blade. 
 
 

 
 

Fig. 5. The second strain mode shape of blade. 
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Fig. 6. The location of FBG on the blade. 
 
 

4.  Dynamic Strain Measurement  
of Rotating Blade 

 

4.1. Experimental Set-up 
 

Dynamic strain testing system of rotating 
rectangular sheet consists of personal computer, 
interrogator, optical fiber rotating joint, FBG, rotating 
shaft and blade (Fig. 7), of which interrogator is 
made by Wuhan University of Technology, 
interrogator frequency is 2000 Hz, optical fiber 
rotating joint is made by Wuhan University of 
Technology, and is designed for data transmission 
under working mode of 2000 rpm, FBG is made by 
Wuhan University of Technology, sensing length is 7 
mm, there are 8 FBGs, the Bragge wavelengths are 
1298.190041nm, 1300.839359 nm, 1302.321735 nm. 
1303.233038 nm, 1305.884722 nm, 1309.729094 nm, 
1312.060959 nm, 1313.672056 nm, and all FBGs are 
of series connection in one piece of optical fiber. 

After coupling, light emitted by wideband light 
source in FBG demodulator enters optical fiber, 
move forward in polylines, and reaches FBG on 
rotating blade through optical fiber rotating joint, in 
which, light meeting Bragg condition are reflected, 
light of other wavelength are transmitted through 
FBG, the reflected light returns back to FBG 
demodulator through optical fiber after passing 
optical fiber rotating joint, FBG demodulator 
modulates/demodulates wavelength signal of FBG, 
and communicates with PC through TCP/IP protocol, 
thus signal attached on rotating cantilever beam and 
detected by FBG can be measured and recorded. 

 
 

 
 

Fig. 7. Experimental set-up for dynamic strain  
detection by FBG. 

Rectangular sheet is installed on rotating shaft, 
which is driven by motor through gearbox, driving 
voltage of motor is 24 V, the rated current is 200 A, 
rotation speed of rotating shaft is manually adjusted 
by voltage adjustment knob on power supply box, 
and the adjustment accuracy is 0.1 V. 

 
 

4.2. Results 
 

Under circumstance of temperature 20, perform 
measurement test of dynamic strain of rotating blade, 
start verification test firstly from 3.3 V, then raise to 
24 V stably as per interval of 0.1 V, verify positive 
travel outputs of all recording points in turn, after 
reaching 24 V, decrease quickly and stably to 0 V, 
make records of retracting stroke output of all 
recording points in reverse order, repeat the above 
method for three times, make records of output of 
each verification result, Figs. 8-15 show the 
representative results. 

 
 

 
 

Fig. 8. The blade dynamic strain data from 1#FBG  
in 77RPM. 

 
 

 
 

Fig. 9. The blade dynamic strain from 1# FBG  
in frequency domain in 77 RPM. 
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Fig. 10. The blade dynamic strain data from 1#FBG  
in 249RPM. 

 

 
 

Fig. 11. The blade dynamic strain from 1# FBG  
in frequency domain in 249 RPM. 

 

 
 

Fig. 12. The blade dynamic strain data from 1#FBG  
in 741RPM. 

 

 
 

Fig. 13. The blade dynamic strain from 1# FBG  
in frequency domain in 741 RPM. 

 
 

Fig. 14. The blade dynamic strain data from 1#FBG  
in 846RPM. 

 

 
 

Fig. 15. The blade dynamic strain from 1# FBG  
in frequency domain in 846 RPM. 

 
 
4.3. Discussion 
 

As shown in Fig. 8~9, dynamical strain signal 
contains a frequency 1.282 Hz related to rotation 
speed (corresponding rotation speed is 76.92 rpm, 
and the measured rotation speed is 77 rpm), a double 
frequency 2.625 Hz related to rotation speed, the first 
natural frequency 219.9 Hz of blade, and a frequency 
cluster excited by fluid, of which frequency scope is 
approximately 56 to 84 Hz. 

As shown in Fig. 10, with the rise of rotation 
speed, cycle of dynamical strain signal is shortened 
prominently, as shown in spectral analysis Fig. 11, 
frequency related to rotation speed has risen to  
4.151 Hz (corresponding rotation speed is  
249.06 rpm, and the measured rotation speed is  
250 rpm), and double-frequency 8.301 Hz related to 
rotation speed still exist, frequency cluster excited by 
fluid rises rapidly, and frequency scope is 
approximately 160-194 Hz. 

In Fig. 12, dynamic strain frequency borne by 
blade rises, and amplitude tends to grow, as shown in 
frequency analysis Fig. 13, the frequency related to 
rotation speed is 12.36 Hz (approximately 741 rpm), 
and double-frequency 24.72 Hz related to rotation 
speed exits, first natural frequency of blade rises to 
222.7 Hz due to the rise of first natural frequency of 
blade caused by centrifugal force, meanwhile, 
frequency cluster related to fluid disappears due to 
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the fact that the first natural frequency of blade is 
scattered in frequency cluster excited by fluid, 
causing self-exciting vibration of blade of which the 
vibration amplitude is 20.68 μƐ and rises by 
approximately 170 times in comparison with the 
work mode of 77 rpm. 

In time domain signal of Fig. 14, the maximum 
dynamic strain amplitude borne by blade is decreased 
in comparison with Fig. 15, but signal is irregular, in 
analysis of frequency, there is frequency 14.1 Hz 
(approximately 846 rpm) related to rotation speed, 
and frequency 28.23 Hz related to rotation speed, 
with the rise of rotation speed, first natural frequency 
of blade rises by 2.1 Hz to 224.8 Hz, but in 
comparison with Fig. 12, amplitude of frequency 
224.8 Hz is decreased substantially, as frequency 
cluster excited by fluid in this rotation speed rises 
gradually and is higher than the natural frequency of 
blade (a small cluster of frequency can be seen to the 
right of frequency 224.8 Hz), the resonance effect has 
been substantially weakened. 
 
 

5. Conclusions 
 

A new strain measurement technique, using FBG 
and rotary optic coupler, was introduced for 
determining the strain distribution on a rotating blade 
for a turbo-jet engine. Eight FBG sensors are 
mounted on two blades for purpose of measuring the 
local strain at different speed, strain condition in 
terms of strain frequencies and strain amplitude was 
determined within a region, the results show that: 

1. To a rotating blade’s frequency response, the 
influence from fluid is more complex than the 
existing knowledge, rotating blade’s first natural 
frequency is stimulated at speed of 77RPM, and at 
speed of 741 RPM, the first natural frequency of 
blade is scattered in frequency cluster excited by 
fluid, the dynamic strain maximum peak-peak value 
come to 100 μ Ɛ (Fig. 2). 

2. For rotating blade, it is convenient to measure 
the natural frequency and easy to verify the 
theoretical calculation result involving rotating blade. 

3. At the speed of 846 RPM, time domain 
dynamic strain shows the feature of shock. The 
characteristics are not antique on the theoretical 
analysis. 

4. At the speed of 77 and 249 RPM, spectrum 
analysis of dynamic strain shows existing a frequency 
cluster, which increase exponentially with the speed 
and influence the frequency response of rotating 
board (lead blade self-excited vibration at 741 RPM), 
we can foresee that the high order natural frequency 
will be motivate at higher speed, this have important 
influence to the fatigue life and will be taken into 
account in the future research. 
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Abstract: Succession of problems in measuring the parameters of noise processes has been settled following the 
experience of thermal noise study. An effect of uninformative noise signals on the result of measuring integral 
characteristics and possibility of optimizing the duration of measurement in the input circuit has been 
scrutinized. The methods of increasing the interference immunity of means of measuring the integral 
characteristics of noise signals have been analyzed. Copyright © 2013 IFSA. 
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1. Introduction 
 

Evolving the method of research on the electrical 
noise of substances of different phase-states (liquid, 
solid or gaseous) and linear sizes, starting with 
macro-sizes and finishing with nano-sizes, requires to 
interpret the noise phenomenology as the fact that is 
determined by interaction within the limits of the 
substance itself and that between the substance and a 
measuring device. It highlights the need for the 
distinct understanding of both research subjects and 
methods. For example, with studying the electrical 
noise of a carbon nanotube (hence CNT) of the 
electric resistance 12.6 kOhm [1], a nanotube could 
remain in the superconductive state [2], and the value 
of resistance (12.9 kOhm according to [3]) is 
supposed to be determined by the resistance of 
nanotube contacts with bringing-in wires. It means 

that the measured noise could be referred to 
nanotubes just theoretically actually characterizing 
their contact areas.  

Beside the need for awareness of monitored 
object noise-characteristics, some metrological 
experience is necessitated. This is the experience in 
manufacturing and exploiting noise thermometers 
with sensitive elements whose materials are used for 
research on information parameters by means of 
noise peculiarities. Apart from, the availability of 
metrological support for the very noise thermometers 
when the main monitored parameter is electric noise 
characteristics (voltage, current, power) could be 
adopted for the nanometrological assistance of 
metrology and industry efforts of nanotechnology 
exactly while studying electrical noise of different 
substances [4] as well as components of 
manufactured wares of nanoelectronics [5]. 
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2. Objectives of the Work  
 

Development of metrologically correct 
methodology of investigating the integral 
characteristics of noise signals is a main target.  
 
 
3. Methodology of Investigating  

the Integral Characteristics of Noise 
Signals  
 
Research methodology is first of all the 

methodology of measurements that includes the 
following aspects: 

a) Assurance of the increased interference 
resistance due to the low amplitude value of the 
measured signals;  

b) Separation of the bandwidth for intended 
investigations;  

c) Predetermination of the general length of an 
experiment, particularly while undertaking low-
frequency research on 1/f noise with regulation of a 
basic reasonable error of method; 

d) Selection of the methods of processing the 
gained signals (particularly, application of the high-
speed Fourier transformation that includes the 
differentiation of a signal into frequency spectra; 
separation of interference frequency, for instance, the 
frequency of feeding power with its multiple 
frequencies; and their elimination from the re-formed 
signal);  

e) Selection of optimal noise-characteristics 
research methods in terms of quality and negative 
issues; 

f) Choice of methods apt to characterize the 
researched materials by known informative quality, 
durability, reliability, uncertainty and other 
parameters.  

The research of integral characteristics of noise 
signals appearing in sensitive sensor elements 
enables comprehensive studying into physical nature 
both of noise processes occurring in substance, and 
non-noise substance parameters and characteristics. 
Exactly such an approach to noise research most 
completely renders its significance for modern 
electronics. Hereby the improvement in the means of 
measuring techniques, development of new 
conceptions of conducting the gauges themselves, 
automatization of a measuring process, 
implementation of interference-resistant technologies 
of gaining the output signals and etc. pose essential 
requirements to the methodology of measuring noise 
characteristics. Theoretical and experimental research 
in the area of measuring the integral characteristics of 
noise signals reveals the chain of problems, namely: 
 Durable measuring caused by random nature of a 

noise signal;  
 Influence of uninformative noise signals in the 

input circuit on the results of measurement;  
 Low level of a noise signal;  

 High requirements to interference-resistance of 
the measuring means.  

Durable measuring period stipulated by random 
nature of the measured signal. The measured signal 
is mainly noise voltage or current. Each of them has a 
nature of homogeneous continuous random 
fluctuations concerning the average that is up to zero 
and constitutes a random ergodic stationary process. 
Studying it, any moment of time can serve as starting 
point. Measuring the parameters of a stationary 
process within any period of time, we should receive 
the same values of its characteristics.  

Such integral characteristics of a random process 
as the mean of a square (variance in statistical 
investigations), mean square value (standard 
deviation) and spectral density of a noise signal tend 
to be measured in the first place. Since a noise signal 
is a random process, the true value could be gained 
during the infinite time of averaging. Any restriction 
on the averaging time leads to the appearance of a 
methodic measurement-error. In the ideal case, if 
there are no other noise signals except the measured 
one in the measuring circuit, the standard deviation of 
a noise signal variance   [6] could be calculated as:  
 
 1

t f
 


, (1) 

 
where t  is the time of measurement, f  is the 

bandwidth of a noise signal. 
The results of modeling the dependence of the 

standard deviation of a noise signal variance on the 
time of averaging at the different values of the 
bandwidth f  are notified in the Fig. 1.  

 
 

100f kHz   

10f kHz   

t, s 

1f MHz   

,  

r.u. 

 
 

Fig. 1. Dependence of a standard deviation of a noise 
signal variance on the time of averaging. 

 
 
To reach the relative mean square value of the 

variance of a noise signal 0.01 % for the bandwidth 
100f   KHz, we should conduct measurements for 

1000 s, and for 1f   MHz – 100 s. Taking into 

account that other sources of noise signals are present 
in the input circuit (resistance of a connecting line, 
amplifiers, feedback resistors), the dependence of 
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mean square value of a noise signal variance on the 
time of averaging becomes more complicated. Time 
of measurement for reaching the equal error rises as 
compared to an ideal case. Correspondently, the 
measurement of integral characteristics of noise 
signals could require some length of averaging: tenth 
– hundredth of seconds.  

If there is a necessity for measuring the integral 
characteristics within narrow bandwidth, the time of 
measurement rises considerably. So to reach the 
relative mean square of noise signal variance 0.1 % at 
the bandwidth of a noise signal 10f  Hz, time of 

measurement has to be approximately 30 hours.  
Analysis of uninformative noise signal influence 

on the result of measurement within the input 
circuit. Beside the noise signal being measured, 
uninformative noise signals exist in the input circuit, 
appearing in the connective line and the input circuit 
of a measuring part. In a general case, noises 
determine the lower limit of measurement. The ratio 
“noise – signal” should be reduced to minimum for 
any measurement [7]. A signal is determinable in the 
majority of measurements.  

Thermal, shot, generation-recombination noises 
and flicker noise are regarded within the scope of the 
given work [8-12]. Thorough investigation of the 
nature of these noises and influential factors changing 
the noise-parameters enables not only conscious 
development of methods of mitigating the levels of 
those noises but also their employment in the analysis 
of different systems state. 

In our case, the signal being measured is random, 
i.e. has a noise nature which complicates the 
extraction of the particular measured signal at the 
background of a noise interference; signal and 
interference could be commeasurable in terms of 
their level.  

Thermal noise appears at the expense of random 
motion of charge carriers in any conductor. 
Consequently of this motion, the randomly variable 
electro-motive force arises at the ends of the 
conductor. The similar phenomenon is observed in 
the conducting channel of field transistors. Thermal 
noise is decisive in any device of electrical nature 
that remains in thermo-equilibrium with the 
environment. Generation-recombination noise 
appears when free carriers are generated or 
recombined in the semiconducting substance. 
Fluctuating speeds of generation and recombination 
could be considered as consecutions of independent 
randomly appeared events, and therefore the process 
could be regarded as a shot noise.  

For the thermal noise, the spectral density 

 UtnS   of the disconnected circuit noise-voltage 

[13] and that  ItnS   of short-connected circuit 

noise-current are correspondently equal to:  
 

     2 2 2 2

4 4
,

1 1
Utn Itn

e e

kTR kT
S S
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, (2) 

 

where e  is the average time of free run of electrons 

in substance between collisions,   is the circular 
frequency.  

For all frequencies of practical relevance, the item 
2 2

e   is negligibly small. In this case the expression 

(2) is shaped as:  
 

    4
4 ,     Utn Itn

kT
S kTR S

R
   , (3) 

 
To decrease the influence of uninformative 

thermal noise, the measurement conditions should be 
assured providing a noise-measurand is as much as 
possible in comparison with uninformative thermal 
noise hereby satisfying the needed ratio “measured 
noise signal – noise interference”. Besides, the 
influence of uninformative thermal noise on the result 
of measurement could be minimized following the 
correlation measurement method [14]. 

Shot noise, always present in the case a noise-
phenomenon, could be regarded as succession of 
independent random events [15]. For instance, with 
releasing electrons by thermo- or photo-cathodes, 
electron emission constitutes the consecution of such 
events. To wit, shot noise is inherent in emission 
currents. The phenomena of crossing the p-n junction 
by charge carriers (electrons or holes) make the 
succession of independent events in transistors. 
Therefore these currents reveal the features of shot 
noise. It is also valid for the transitions between two 
energetic levels, for example, with generating and 
recombining the carriers in a semiconductor or with 
emission of laser photons. Input circuits of measuring 
means could be constructed with the use of bipolar 
and field transistors. For bipolar transistors on low-
frequencies, when   0   , the spectral densities 

of collector, emitter and base noise currents [16] are: 
 

     2 , 2 , 2 ,Ic e c Ie e e Ib e bS q I S q I S q I      (4) 

 
where eq  is the electron charge, cI  is the collector 

current, eI  is the emitter current, bI  is the base 

current. 
For field transistors the spectral densities of 

channel current and gate current are: 
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     (5) 

 
where mG  is the mutual (transferring) conductivity, 

gI  is the gate current, Сi is the input capacitance of a 

field transistor. 
The influence of shot noise could be mitigated by 

marking off active elements with small values of 
noise currents and voltages, and by applying the 
correlation measurement method.  

Flicker noise that could appear consequently of 
different reasons is characterized by special spectral 
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density nonlinearly rising within the area of low 
frequencies. The main property of flicker-noise is 
resemblance of spectral density to 1 f . In the case of 

a semiconductor element, the spectral density 

 InpS   of current random component and the same 

 UnpS   of random voltage component on the coal 

resistor make:  
 

   
2 2
0

0

2 2
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Inp Unp

I AI
S S

N

 
 

 
   (6) 

 
where , A  are the constants, 0 , rI I  are the currents 

passing through the semiconductor element and 
resistor, respectively, 0N  is the equilibrated amount 

of carriers in a semiconductor.  
The typical dependences of spectral density of 

thermal, shot and flicker noises are represented in the 
Fig. 2.  

 
 

Flicker noise 

f, Hz 

Thermal noise Shot noise 

S·10-12, V2/Hz 

 
Fig. 2. Typical shape of spectral density of noise signals. 

 
 
Under some conditions the level of thermal noise 

could be lower than that of shot noise, and flicker 
noise may acquire the dominated value to the 
frequencies 20 – 30 kHz. To reduce the influence of 
flicker noise on the result of measurement, the 
operating bandwidth should be above 1 - 20 kHz, 
depending on the conditions of measurement, sensor 
resistance value and etc. If necessary to conduct 
flicker-noise measurements at low frequencies, the 
need for the considerable increase in measurement 
duration should be taken into account (see the 
aforesaid). 

Low level of a noise signal. Mainly a noise signal 
is of a very low level. So for example the average 
value of a square of noise voltage calculated after the 
Nyquist formula [17] and the mean square value of 
noise voltage for the bandwidth 100f  kHz for a 

sensor of resistance 100 Ohm at the room 
temperature are:  
 

   2 12 2 2 60.16 10 , 0.4 10 .x x xe t V U e t V       (7) 

 
Therefore while creating the means of measuring 

the integral characteristics of noise signals we should 

use the wide-band amplifiers with the coefficient of 
the level 1000 – 10000, depending on the value of a 
noise signal.  

Optimal choice of noise parameters of 
amplification elements enables reaching the 
necessary ratio “signal being measured – noise 
interference”, decreasing the error of measurement 
and improving the metrological characteristics of the 
measuring means. For the relation of spectral 
densities of the measurand xS  to the noise 

interference nzS  prevailing 10, the relative standard 

deviation of a methodical error for different 
averaging times is practically stable. The further 
improvement of the ratio “noise signal being 
measured – noise interference” does not provide the 
considerable decrease in the methodical error of 
temperature measurement, and 10 could be treated as 
the nominal ratio. Manufacturers of operation 
amplifiers (OA) norm the values of noise voltage and 
current as the square root of spectral density of noise 
voltage and current:  
 
 , ,oa Uoa oa IoaU S I S   (8) 

 
where oaU  is the spectral density of noise voltage 

mean-square-value of OA, UoaS  is the spectral 

density of OA noise voltage, oaI  is the spectral 

density of mean-square-value noise current of OA, 

IoaS  is the spectral density of OA noise current. 

Correspondently, taking into account (3) and (8), the 
ratio of spectral densities of the noise signal under 
measurement to noise interference could be estimated 
after:  
 
 

2

4
10x x x

oa oa

S kT R

S U
   (9) 

 
To satisfy the given ratio using the sensor of the 

nominal resistance 100 Ohm at the room temperature, 
an amplifier with the following parameters should be 
used:  
 
 4

0.41
10

x x
oa

kT R nV
U

Hz
   (10) 

 
On the other hand, we could increase the value of 

sensor resistance (the subject of research), and hence 
the level of a measured noise signal, hereby assuring 
the needed ratio of measured noise signal and noise 
interference spectral densities. With using OA in the 
input circuit (e.g. LT1028 with 

0.85oaU nV Hz ), the value of sensor resistance, 

taking into account (9), should be equal to: 
 
 210

430
4

oa
x

x

U
R

kT
  Ohm (11) 
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It is a real approach to the problem solution. 
However, we also should consider the proper input 
noise current of OA whose effect on the result of 
measurement rises with an increase in resistance of a 
sensor and eventually could become predominating. 
To wit, using OA the special attention should be paid 
to such OA parameters as proper noise voltage and 
input noise currents. 

The usage of a correlation amplifier enables 
minimizing the influence of OA noise voltage. 
Minimization of the influence of a noise current 
could be reached by reducing the nominal sensor 
resistance and selecting OA with small values of 
noise current. Consequently the question of 
optimizing the input circuit and hence the means of 
measuring the noise in general has become vital. 

Ways of increasing the noise immunity of the 
means of measuring the integral characteristics of 
noise signals. As was mentioned above, the low level 
of the measured noise signal leads to the necessity for 
applying the wide-band amplifiers with the 
coefficient of amplification more than 10000. At such 
an amplification coefficient the high-sensitive input 
of the device gauging part with a wide bandwidth of 
the signal being measured has been gained. It has 
entailed the high requirements to the noise immunity 
(interference-resistance). 

The source of outer interference could be the 
subject of measurement itself; or/and power network 
feeding the measurement device; or/and computer 
connected with the measuring device by installation 
wires and so on. Inner interference could arise due to 
a high coefficient of amplification – the influence of 
high-volt output circuits on the input high-sensitive 
circuits consequently of parasite resistive, inductive 
and capacitance connections. 

Minimization of the noise interference influence 
on the measurement result could be made by means 
of screening and grounding in the schemes of analog 
signal conversion, optimal parting and galvanic 
segregation of common conductors of digital and 
analog schemes etc. For any construction the analysis 
of the most vulnerable areas in relation to 
interference should be conducted. Besides, the certain 
constructive decisions supporting the steady work of 
schemes should be made. 

Screening and grounding in the schemes of 
analog signal conversion far not completely obviate 
the noise interference effect. Then the filtration 
methods for marking the measured signal off the 
input one which could be a superposition of the 
measured signal itself and interference should be 
applied. 

In most spheres of science and techniques, the 
measurements of determined signals are conducted, 
whilst in the case of noise values the random signals 
are of interest. The interference could be both 
determined and random. Besides, taking into 
consideration the fact that measurements are 
performed within the wide bandwidth, the determined 
interference could reveal itself at the various 
frequencies. Therefore we should use the filters of 

complicated configuration that combine a band filter 
for forming the work-bandwidth of a measuring 
device, and rejecter filters for some frequencies 
which could be numerous. 

Taking into account the specific conditions of 
measurement as well as difficult construction and 
working principles of such filters, the synthesis of 
digital intelligent filters with the usage of rapid 
Fourier transformation [18] which meets the 
enumerated requirements is optimal. 

Each of the considered problems leads to the 
appearance of the whole chain of error components 
of measuring the integral characteristics of noise 
signals. These components depend on the method of 
measurement, metrological characteristics of 
measuring means and their proper noise 
characteristics (noise- voltage and current). The 
analysis of possible error sources, minimization of 
their influence on the result of measurement, 
consideration of the specificity of the measurand, 
satisfaction of appropriate ratio “noise-signal being 
measured – uninformative noise-signal” and etc. 
enable gaining the reliable results of measuring the 
integral characteristics of noise signals. 

 
 

4. Electrical Noise at Electrical, 
Mechanical and Thermal Loadings  

 
The sources of electrical noise appearance are 

different, so are the bandwidth and spectral density. 
Essential and considered below are current 
frequency-dependent noise at the low frequencies and 
thermal noise at the high frequencies. 

The research [9] of frequency dependences of 
noise power spectral densities (PSD) of metal 
contacts and thin semiconducting films allows us to 
specify the nature and origin of the mentioned noise 
by dint of attracting electron microscopy and other 
structure-sensitive methods. Particularly, the PSD 
frequency-dependence at the low frequencies reminds 
the similar dependence of the fatigue limit studied by 
the method of internal friction. Here the 1/f 
dependence of PSD is characteristic for the low 
frequencies 15…200 Hz. With a rise in frequency it 
becomes frequency-independent which is related to 
the marked heat-waste during cyclic deformation. 

Continuous energetic feeding of the substance by 
passing the electric currents of considerable density 
enables [9] simultaneous observing and segregating 
of equilibrated and disequilibrated noise components 

of 1 f  type, which are researched through the 

spectrum form index γ, through the apparition of  
2- and 3- multiple frequency-satellites and through 
the ratio of components. Thus, with an increase in 
current, the spectrum form index γ rises from 1 to 2 
and higher which is revealed at 320 ... 410 К in the 
films of aluminium and its alloys with silicon 
(current density makes 0.3 ... 2.5 104 A/mm2). The 
same refers to the study on CNT [1]. To reveal 

21 f noise at the direct current, the measurement has 
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been conducted within the bandwidth 0.01 ... 1.0 Hz, 
since it was masked at higher frequencies by the 
equilibrated 1/f noise with the spectrum form  
index γ ≈ 1. 

Equilibrated 1/f noise of metal films including 
nondeformed and annealed ones appears due to 
motion fluctuation of charge carriers while their 
dissipating on the lattice. The processes of substance 
electrotransfer to different stocks in the volume 
(volume diffusion) or on the grain borders (surface 
diffusion) entail the irreversible structural changes in 
the films emitting disequilibrated 2

1 f noise. The 

given component called as the electromigration 
2

1 f noise has nonstationary nature and is practically 

absent at the alternating current and room 
temperature. With an increase in temperature, the 
electromigration processes leading to enlargement of 
the spectrum form index γ to 2 tend to intensify. In 
general, the dependence of average noise-power 
density  S f ~ 2

1 f on the direct current density is 

described by the expression: 
3 1 2( ) exp( / )aS f j BT f E kT   , where B is the 

constant; Ea is the energy of electromigration process 
activation corresponding to that of matrix atom self-
diffusion activation. For instance, in the case of 
polycrystalline aluminium film it is equal to 0.6 еV at 
327 ... 396 К. In the metal conductors of submicron 
dimensions with a monocrystalline or bamboo 
structure, in which the average longitudinal grain size 
considerably prevails the film width and therefore 
mass transfer by the grain boundaries is absent, the 
values of activation energy, determined from the 
temperature dependences of average 21 f - noise-

power density, are much larger as compared to 
polycrystalline films. They make 0.8 eV and are 
assigned to the energy of activating the diffusion 
along dislocations. 

There are known cases of appearance of 
disequilibrated noise in the films whose structure 
differs from thermodynamically equilibrated one: 
freshly made films, deformed or irradiated films. The 
similar is observed in the aluminium films on a 
polyimide substrate where for frequency 20 Hz while 
applying an external bending force (within the area of 
elastic deformation), the average power density of 
1 f  noise was rising approximately 30 as much at 

the increasing of efforts from 0 to 120 MPa [19]. 
Within the carbon fibers of the diameter 6 microns 
and of the length 10 cm with the electric resistance 
41.3 kОhm at the efforts of extension up to 250 MPa, 
a 20-fold increase in average 1 f  noise power 

density is fixed (electric resistance rises negligibly). 
Moreover, irreversible changes in the noise level are 
related to the plastic deformation of fibers.  

In length of time the structures of films being 
exposed to temperature or electric current are being 
ordered: the inner energy and the amount of defects 
are decreasing exponentially. Consequently, 
nonstationary noise is smoothly converted in the 

stationary one during relaxation time decreasing with 
a rise in temperature. Moreover, the spectrum form 
index γ of the given disequilibrated noise was 
changing within the limits 2 ... 3. For only just 
precipitated films of chromium a decrease in the 
spectrum form index γ is also observed [9] but from 
2.5 ... 3 to 0.7 ... 1.2 consequently of vacuum 
annealing duration 30 ... 45 minutes. It has proved the 
necessity for attracting the disequilibrated 
mechanisms of clarification the reasons for the noise 
level decrease in the process of chromium films 
aging. An increase in a specific material volume 
consequently of combining the disequilibrated 
vacancies into complexes or into closed micro- or 
submicro- pores under pressure of internal 
mechanical stresses may be one of those reasons [20].  

The case of equilibrated noise (current does not 
pass through the researched substance). Thermal 
noise prevails at the frequencies above 100 Hz and its 
nature is uncorrelated. The analysis of PSD 
frequency dependences has revealed the considerable 
influence of dissipation of the accumulated energy 
[21]. The frequency-dependent 1/f noise of low-
frequency range (lower than 80 Hz) corresponds to 
the reversed transformation of energy into phonons at 
the tensile defects. Their PSD is 
  elS f P f c af   . 

The case of disequilibrated noise (the ratio of 
amplitudes of feeding voltage and noise voltage 
makes ~ 10-7 and of their powers 10-14) has been 
studied in [9] on the molybdenum films of the 
thickness 247 and 560 nm. The average density of 
harmonic tones amplitude fluctuation power of a 
response signal concerning the test effect of sine 
voltage of the bandwidth 10...1000 Hz, and also on 
the effect of direct current 0.45 mA have been 
considered. The latter has provided the total PSD of 
equilibrated and disequilibrated noise. The 
mechanism of multi-phonon capture [24] has been 
activated on the tensile defects as the phonon traps. 
The dependence of the index   within the limits 2...3 

on the frequency is explained by the influence of 
electro and mass transfer.  

 
 
5. The Research of Dynamics  

of the Change in Noise Voltage  
at the Thermal Shock 
 
At the considerable speed of temperature 

alteration all transfer processes are much 
complicated. For example, in substance kept at the 
certain temperature and rapidly moved into the 
medium with higher temperature, surface-volume 
mechanical tensions capable of accumulating the 
inner energy appear consequently of forming the 
dislocation ensembles. All real crystals have their 
defects distributed due to distortions in the atom 
allocation providing atom sizes exceed considerably 
the crystalline lattice constant. In dynamical 
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temperature mode the presence of such structural 
defects could lead to the change in noise 
characteristics.  

At the rapid heat of the sensors of noise 
thermometers the transient noise process caused by 
thermodynamic disequilibrium has been detected. 
Such a behavior of a noise signal could be revealed at 
the expense of internal changes intensified 

consequently of applying an uneven temperature 
gradient on the substance with inner defects. 

The research on the behaviour of a noise signal in 
the dynamic temperature mode (Fig. 3) has been 
made following the methods of rapid transferring of a 
sensor from the medium with one temperature into 
that with higher temperature [22].  

 
 

а) 

b) 

T, K 

T, K 

t, s 

t, s 
 

 
Fig. 3. Process of altering the indices of a noise thermometer at temperature jump from 288 К to 368 К  

(bandwidth of a noise signal: 10 – 110 kHz; averaging time: а) 1 s.; b) 10 s.) 
 
 

In the moment of time approximately 170 s. from 
the beginning of measurement, the temperature of the 
researched medium is changing abruptly from 288 К 
to 368 К. The temperature that was fixed during the 
transient process (Fig. 3) and determined by the noise 
power exceeds the temperature value of the 
researched medium almost 1.5 as much. 

While studying [23] resistance thermometers and 
thermoelectric thermometers, the similar deviations 
from the equilibrated indices have also been observed 
(Fig. 4). 
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Fig. 4. Transient thermo-process according to the indices 
of differentially connected two thermocouples at the 

different temperature overfall ΔТ. 

Temperature exceeding has been stimulated by an 
increase in temperature overfall ΔТ. Besides, this 
process was getting more intensive while a two-stage 
jump (ΔТ = 600 + 600  К). Those changes could be 
related to the appearance and relaxation of 
mechanical stresses causing the changes in 
thermoelectric power and taking place [24] nearby 
structure defects. 

Moreover, the probability of passing the 
researched substance from one thermodynamic state 
into another at negligible temperature changes is 
determined by the value of a temperature jump, 
entropy and time. At the considerable temperature 
changes, entropy remains to be the most decisive 
factor determining all the transient processes inside 
the concrete substance. 

We tend to consider further the researched 
sensitive substance as a subsystem (thermodynamic 
system with minimal outer influences), forming the 
part of a larger transducer system and being the 
smallest part of much larger system of the monitored 
environment. The probability of the transition of the 
given subsystem from the state 0X  to the state 

0X X   is determined by the prehistory of 

substance:  
 
  ~ exp /dP W X kT   , (12) 
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where W  is the work equal to the change in inner 
energy ΔU that the outer medium should apply to the 
given subsystem to put it out of state with the 
parameter 0X  to the state with the 

parameter 0X X  . In general,  W X  is 

considered as a measure of fluctuation probability of 
the parameter X . 

From (12) the probability of independent 
transition of the given subsystem from the state 0X  

into the state 0X X  (or probability of fluctuations) 

is the larger, the smaller W is. Therefore (12) could 
be written as: 
 
  ~ exp /dP U X kT   , (13) 

 
Thermodynamic equations imply the connection 

of internal energy and the heat degree of freedom 
TS [25]:  
 
 U T S S T     , (14) 

 
substituting which into the equation (13), we will 
have the equation: 
 
  ~ exp / exp

S T
dP S k

kT

   
 

, (15) 

 
According to the law of minimal speed of entropy 

production that is treated as the more general case of 
the widely known statement of saving invariable 

entropy ( 0dS  ): min
dS

dt
 . It means that the 

entropy of substance subsystem primarily taken out 
from the state of thermodynamic equilibrium 
consequently of medium temperature change from 0T  

to T , is increasing with time: 
 
 0 0( )S t S S S gt     , (16) 

 
where S0 is the entropy in the moment of time t = 0, 
g is the constant determined by the speed of entropy 

change for the given subsystem. Then the probability 
of its transition from one stage into another will be:  
 
  

   

0 0

1 1 2

( )
exp / exp

exp exp /

S T T
dP C gt k

kT

C a t a T

     
 

 
, (17) 

 
where  1 2 0 0 1 0/ ; / ; exp /a g k a S T k C C S k    ; С –

is the constant. Consequently, the probability of 
spontaneous transition is proportional to the power of 
thermal noise. Moreover, the parameters of a 
temperature jump are included in the coefficient 2a  

whilst the technological parameters, determining the 
primary entropy value and its change at the 

dissipation of a thermal shock, are defined by the 
coefficients С1 and а1. 

Under the condition 0T T  i.e. that inthe initial 

state the given substance is remaining at the low and 
even room temperatures, we can gain: 

 2 1expdP C a t  . It means that the changes in 

considered noise voltage depend also on temperature 
and on a substance prehistory (e.g. on the mechanical 
processing or/and on vibrations). 
 
 
6. Conclusions  
 

The problems of measuring the integral 
characteristics of noise signals have been considered 
in the article. The influence of uninformative noise 
signals (thermal, shot and flicker noise) in the input 
circuit on the measurement result has been 
researched. It is ascertained that to reduce the 
influence on the result of measurement of: 
 Flicker noise, we should work within the 
bandwidth above 1 - 20 kHz where its level is 
negligible;  
 Thermal noise, we should provide the conditions 
when a noise measurand is as much as possible in 
comparison with uninformative thermo-noise, and 
use the correlation method of measurement; 
 Shot noise, we should select the active elements 
with small values of noise currents and voltages, and 
use the correlation method of measurement. 

The optimization of sensor resistance is proposed 
in order to satisfy the needed ratio of spectral 
densities of the measured noise signal and noise 
interference with taking into account the proper input 
noise current and voltage of an input circuit. 

The ways of increasing the interference protection 
of measuring means have been analyzed, and 
metrologically correct methodology of investigating 
the integral characteristics of noise signals has been 
evolved.  
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